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The c o r r o s i o n  b e h a v i o u r  o f  n i n e t e e n  c o p pe r  a l l o y :  n
ga s eo u s  u r a n i u m  h e x a f l u o r i d e  a t  a p r e s s u r e  o f  15 kPa ,  was 
i n v e s t i g a t e d .  C o r r o s i o n / t i m e  r e l a t i o n s h i p s  were  e s t a b l i u  ed 
f o r  f i v e  t e m p e r a t u r e s  r a n g i n g  from 50 t o  150 U| and to r  
t i m e s  b e t w e e n  5 and 1 000 h .  P o s t - c o r r o s i o n  t e s t  s t u d i e s  wer,  
p e r f o r m e d ,  e m p l o y i n g  a v a r i e t y  o f  p h y s i c a l  t e c h n i q u e s ,  i n c l u d i n g  
X - ra y  d i f f r a c t i o n  and X - r a y  f l u o r e s c e n c e  a n a l y s i s ,  e l e c t r o n  
s p e c t r o s c o p y  and e l e c t r o n  m i c r o s c o p y .
E l e c t r o l y t i c  c o p p e r ,  b e r y l l i u m  c o p p e r ,  a l um in ium  b r o n t e  
and  5 1 p h o s p h o r  b r o n z e  w e r e  f ound  t o  be  t h e  mos t  r e s i s t a n t  of  
t h e  a l l o y s  i n v e s t i g a t e d .  The c o p p e r - z i n c  and c o p p e r - z i n c - t i n  
a l l o y s  s u f f e r e d  d c z i n c i f i c a t  i o n .
C o r r o s i o n  a c t i v a t i o n  e n e r g i e s  were  c o m p a r a t i v e l y  low.  
r a n g i n g  f rom 1 2 , 8  t o  54 U  mol
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t h an  e x p e c t e d .
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t o  UFh a t t a c k .
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TABLES
URANIUM HCXAt LUORIPE : A SURVEY OF I TS MOST IMPORTANT 
PUYSICAL AND CHEMICAL PROPERTIES
I . 1 I n t i o d n i 1 ion
Uran ium h e x a f l u o r i d e  i s  by f a r  t h e  most  v o l a M ' ?  u r an i um 
compound and,  t h e r e f o r e  i t  i s  u s e d  e x t e n s i v e l y  i n  a l l  p r o c e s s e s  I o r  
t h e  e n r x c h r . r n t  o f  u r a n i u m  I t  was d i s c o v e r e d  in 1n 09 by Ruff  and 
Hei nze l m tim ' who p r e p a r e d  i t  by t h e  r e a c t i o n  ot f l u o r i n e  w i t h  
u ran i um m e t a l  or u r a n i u m  c a r b i d e . The compound r e c e i v e d  M u l e  
a t t e n t i o n  u n t i l  t h e  s e c o n d  w o r l d  war when t h e  g a s e o v s  d i f f u s i o n  
p r o c e s s  was d e v e l o p e d .  The e n t i r e  r e s e a r c h  e f f o r t  i n  t h e  w ar t i m e  
p e r i o d  was d i r e c t e d  t o w a r d s  s h o r t - t e r m  m i l i t a r y  e n d s ,  w i t h  t hv 
r e s u l t  t h a t , a l t h o u g h  a l a r g e  number  o f  p h y s i c a l  c o n s t a n t s  we re­
d e t e r m i n e d  and  some c h e m i c a l  p r o p e r t i e s  we r e  s t u d i e d ,  t h e  t « 
s c r i p t i v e  c h e m i s t r y  d i d  not  r e c e i v e  much a t t e n t i o n .  In ' <
Brown Z)  w r o t e  : " A l t h o u g h  t h e  p h y s i c a l  p r o p e r t i e s  i t  t h e  hcxa 
f l u o r i d e s ,  p a r t i c u l a r l y  those o f  UF(). have  b een  i n v e s t i g a t e d  in 
some d e t a i l ,  t h e i r  c h e m i c a l  b e h a v i o u r  h a s  been  r e l a t i v e l y  l i t t l e  
s t u d i e d . "  T h i s  r emark  mav he e x t e n d e d  t o  i n c l u d e  c o r r o s i o n  p r o -  
c . „ „ .  f o r ,  a l t h o u g h  som, d e c l a . s i f i c d  t e s e a r c h  work was p u b l i s h e d ,  
e s p e c i a l l y  by  t h e  F r e n c h  d u r i n g  t h e  p e r i o d  1961 t o  1969 i t  r . r e l y  
e l u c i d a t e d  c o r r o s i o n  i e a c t  i on  m ec h a n i s m s .
1 . 2
The most  i m p o r t a n t  p h y s i c a l  p r o p e r t i e s  o f  u r a n i u m h exa -
f l u o r i d e  a r e  s ummar ized  i n  t a b l e  1 . 1. Of g r e a t  p r a c t i c a l  i m p o r t a n c e
1 1 0 .  R u f f  and A. I l e i n z c l ma n n ,  2 .  Anot g .  l .hem.
2) p .  Brown,  " H a l i d e s  o l  t h e  L a n t h a n i d e s  and A c t  i n i d e s , " W'. l e v -
1 nt  c r s c i c n e e  (1 '.IhR) , p .  27
i s  t h e  r e m a r k a b l y  h i g h  v a n o u r  p r e s s u r e  a t  room t e m p e r a t u r e  (15,7 kPa) . 
The p h a s e  d i a g r a m  i s  shown in  . i g u r e  1 . 1 ,  f rom which  i t  can  be 
s e e n  t h a t  t h e  s u b l i m a t i o n  t empt  11u r r  o f  1 1 i s 56,54  'C and t h e  
t r i p l e  p o i n t  6 4 , 0 2  "C ( a t  149,7  k P a ) .
1. 3 Chemi c a l  P r o p e r t i e s  o f  U r a n m m F o r  i des
Some o f  t h e  c h e m i c a l  p i o p c r t i e  o f  u r a n i u m  h e x a f l u o r i d e  
which a r e  r e l e v a n t  t o  a c o r r o s i o n  s t u d y  i n v o l v i n g  t h i s  m a t e r i a l , 
w i l l  now be r e v i e w e d .
1 . 3 . 1  The i n  t e r med i_a t o  u r a n i u m  i 1 u or  i d es
M ‘St  o f  t h e  d e s c r i p t i v e  c h e m i s t r y  o f  u r a n i u m  h e x a f l u o r i d e  
o r i g i n a t e d  i n  t h e  M a n h a t t a n  p r o j e c t  and f r e q u e n t l y  c o n c e r n e d  t h e  
r e d u c t i o n  o f  U l ( t o  UF4 , o r  t o  one  o f  t h e  " i n t e r m e d i a t e  f l u o r i d e s '  
(o-UF (., 6 -UFs , U2 r 9 and U ^ F , , ) .  The e x i s t e n c e  o f  u r an i um  f l u o r i d e s  
a t  a u r a n i u m  v a l e n c e  i n t e r m e d i a t e  b e tw ee n  4 and 6 unde i  v a r i o u s  
c o n d i t i o n s  o f  t e m p e r a t u r e  and p r e s s u r e  has  been  d e m o n s t r a t e d  by 
Agron S\  B r o a d l e y  an 1 h o n g t o n  4 , L a b a t on  and o t h e r s .  Nguyvn- 
Hoang-Nghi  6)  r e p o r t e d  t h e  e x i s t e n c e  o f  y e t  a n o t h e r  i n t e r m e d i a t e  
f l u o r i d e ,  U I , wh ich  forms  a t  low t e m p e r a t u r e s .
The r e l a t i o n s h i p s  b e t w e e n  UF^ and WF, and t h e  a b o v e m e n t i o n e d  
i n t e r m e d i a t e  f l u o r i d e s  a r e  c o n v e n i e n t l y  summar ized  in t h e  s o - c a l l e d  
Agron d i a g r a m ,  shown i n  f i g u r e  1 . 2 .  T h i s  d i a g r a m  has  been  v e r i f i e d
3) P.  Agr on ,  AECD-1878 (19481
4) J . S .  B r o a d l y  and P . B.  L o n g t o n ,  U.K . A. E . A. - R1)R-1 e c h . n o t e  60
V.Y. L a b a t o n ,  U.K.  A.I: .A.  No. IGR-RKA 193 ( 1956)
^^ N gu y e n - H o a n g - N g h i , CHA 19 o f h ' 6 I )
by s e v e r a l  w o r k e r s ,  n o t a b l y  by Nguyen-Hoang-Nghi  and by B a r b e r !
7 )
and Har tmanshenn  , u s i n g  a m. . r o c a l o r i m e t r i c  t e c h n i q u e .
Ir was found  t h a t  u r a n i u m  h e x a f l u o r i . d e  r e a c t s  w i t h  u r a n i u m  
t e t r a f  l u o r i d e  i n  a s t e p w i s e  m a n n e r ,  y i e l d i n g  7 , U21 (). a-UF,  
or  B-b'Fj., d e p e n d i n g  on t h e  h e x u f l u o r i d e  p r e s s u r e  and t h e  t e m p e r a ­
t u r e  o f  t h e  s y - f em. The r a t e  a t  which  e q u i l i b r i u m  i s  o b t a i n e d  
depends  on t h e  n a t u r e  of t h e  t e t r a f l u o r i d e .  The f o l l o w i n g  r e a c t i o n s  
r e p r e s e n t  t h e  e s s e n t i a l  s t e p s  i n  a t t a i n i n g  e q u i l i b r i u m  :
3 a U F , ( s ) 1 " . F g C s ) 4 UFb (g)
5 8 UF5 ( s ) U2F9 ( s ) 4 UF6 (g)
7 / 2  U2 Fg ( s ) >< 3 / 2  U4F , 7 ( s ) 4 UF6 (g)
'  ,J 4f 1 7 ( s ) 7 UF4 ( s ) 4 UF6 ( g)
In each  o f  t h e  above  e q u a t i o n s  t h e  e q u i l i b r i u m  c o n s t a n t  i s  k^.
d 1 n_JSn = AH L r l  ( van ’ t  Hof f  e q u a t i o n )
JT i
where T * a b s o l u t e  t e m p e r a t u r e , R - g as  c o n s t a n t  and H =• h e a t  
o f  t he  r e a c t i o n ) .  I he Agron d i a g r a m  can  t h e r e f o r e  be d e r i v e d .
Uranium penta f luor ide  ( the  colour  of  which somehow depends on the prepa­
ra t ion method) i s  n o r m a l l y  a wh i t ( s u b s t a n c e  and e x i s t s  i n  two forms of  
which B-UF i s  t h e  low t e m p e r a t u r e  and a-UF,  t h e  h i g h  t e m p e r a t u r e  va­
ra  t ion . The m e l t i n g  p o i n t  o f  11Fr has  b e e n  g i v e n  1 as  346 °C,  under a
‘ P.  B a r b e r i  and  0 .  Har tman h c n n , UFA-N-916
1 .4
p r e s s u r e  o i  UF6 g r e a t e r  t h a n  IhO I Fa,  s i n c e  a t  l owe r  p r e s s u r e s  
f ' , Fg and l>4 f 17 a r e  s u c c e s s i v e l y  f o r me d .  Z a c h a r i a s e n  81 o b t a i n e d  
powder d i f f r a c t i o n  p a t t e r n s  from b o t h  a -  and (HH r s e a l e d  i n  t h i n -  
w a l l e d  g l a s s  c a p i l l a r i e s .  « - UFs i s  t e t r a g o n a l  b o d y - c e n t e r e d  w i t h  
a 1 * nm and a^ - (1,4 J nm w i t h  two s t o i c h i o m e t r i c  m o l e c u l e s
pci  u n i t  t e l l .  3 - UF^ i s  a l s o  t e t r a g o n a l  b o d y - c e n t e r e d  w i t h  a u n i t  
c e l l  c o n t a i n i n g  e i g h t  s t o i t h i o m e t r i c  m o l e c u l e s  and w i t h  d i m e n s i o n s
a t ” 1*147 nm and a x * 0 , 52 1  nm. The i n t e r a t o m i c  d i s t a n c e s  a r e
a - U F 5 , V-F - 0 , 2 2 0  nm.
B - U F g ,  U - F  0 , 2 2 . 3  nm.
Z a c h a r i a s e n  r e j e c t s  ♦he c h e m i c a l  f o rm u l a  UF , . IIF, f o r  U K and p o i n t s  
o u t  t h a t  t h e  u r a n i u m  atoms a r e  a l l  e q u i v a l e n t  i n  t h e  s t r u c t u r e .
The c h e m i c a l  p r o p e r t i e s  o f  t h e  i n t e r m e d i a t e  f l u o r i d e s  have 
not  been  v e r y  w e l l  i n v e s t i g a t e d .  6-UFg is  r a p i d  y h y d r o l y z e d  i n  t h e  
p r e s e n c e  o f  t r a c e s  o f  w a t e r .  T h i s  u s u  11y l e a d s  t o  d e s t r u c t i o n  o f  
i t s  c r y s t a l  1 i n i t y  and c o n s e q u e :  1y X r ay  i d e n t i f i c a t i o n  i s  t h e r e ­
by t h w a r t e d  :
2 UFr ♦ 2 Hz O - -> U 0 , F  » Ul , > 4 , r
In m o i s t  a ; r  a -UFr a p p e a r s  t o  he more s u s c e p t i b l e  t o  h y d r o l y s . s  
t han  6 - U F s . '
3 - UF, can  be c o n v e r t e d  t o  a-UFg by r a i s i n g  t h e  t e m p e r a t u r e . 
This  r e a c t i o n  i s  i r r e v e r s i b l e .
8) W.H. Z a c h a r i a s e n ,  Ac t a  f r y s t .  3.  296 ( 1949)
9 )
J . J .  Kat z  and R, Rahinow i t c h , " T i n  C h e m i s t r y  o f  Urani um The E l e ­
me n t ,  I t s  Binn i v and R e l a t e d  ( ( i mp o u n d s /  Dover  P u b l i c a t i o n s ,  
I n c .  ( 1951)
i y  9 ( d i u r a n i u m  e n n e a f l u o r i d e )  was d i s c o v e r e d  i n  t h e  c o u r s e  
o f  a s t u d y  o f  t h e  UF, i s ,  ♦ U F J g )  r e a c t i o n  and was i n i t i a l l y  
r e f e r r e d  t o  a s  " b l a c k  f l u o r i d e "  o r  " b l a c k  UF, "  as  i t  was t h o u g h t  
t o  be  a c r y s t a l  m o d i f i c a t i o n  o f  UF , .  Agron : a j . ' 01 e l u c i d a t e d  i t s  
s t r u c t u r e  by means  o f  X - r a y  d i f f r a c t i o n .  A s i m i l a r  s u b s t a n c e  was 
c o u n t e r e d  by B r i t i s h  w o r k e r s  i n  t h e  c o u r s e  o f  c o r r o s i o n  s t u d i e s  
on m i l d  s t e e l .  Sampl es  e x p o s e d  t o  UF6 v a p o u r  formed a b l a i k  
s c a l e  w i t h  t h e  c o m p o s i t i o n  r cF  2 UK ( o r  FeF . U ,F,
U2 i*9 n as  a c u b i c  s t r u c t u r e  w i t h  a 0 -  0 , 84 5 3 8  - 0 ,0001 nm.
The u n i t  c e i l  c o n t a i n s  e i g h t  m o l e c u l e s  w i t h  a c a l c u l a t e d  d e n s i t y
_  7
of  "TOO kg m* The u r a n i u m a toms a r e  a l l  s t r u c t u r a l l y  e q u i v a l e n t .  
The f o r m u l a s  UF, . UF,. o r  3 UF,  . UP*, which  i n d i c a t e  t h e  p r e s e n c e  
of  two 1 i n d s  ot  u r a n i u m  a t o m s ,  a r c  t h e r e f o r e  i n a d m i s s i b l e .  The s u b ­
s t a n c e  may be r e g a r d e d  as  a mixed c r y s t a l  w i t h  r a t i o n a l  p r o p o r t i o n s  
in which  r e s o n a n c e  r e n d e r s  .11 t h e  u r a n i u m  a toms  e q u i v a l e n t .
Z , 4 * \  /  4* 6* \
( ^ ♦ U F ) o r  U ♦ U F i
V ° * 5 0 , 5  4 , 5 /  V 0 , 7 5  0 , 2 5  4 , 5 /
This  r e s o n a n c e  may e x p l a i n  t h e  d a r k  c o l o u r  o f  t h e  s u b s t a n c e . U,Fq i s  
much l e s s  r e a d i l y  h y d r o l y s e d  in m o i s t  a i r  t h a n  UF .
USF 17 was found  hy A ; r o n  e t  a l  ' ' ' '  by means o f  c h e m i c a l  and 
X-ray a n a l y s i s .  The r e a c t i o n  b e t w e e n  Ml f) and UF, a t  h i g h e r  t e m p e r a ­
t u r e s  (250 - 325 °C) gave  r i s e  t o  a p r o d u c t ,  t h e  X- ray  p a t t e r n  
of which  r e s e m b l e t  t h a t  o f  Ul , ,  b u t  " e x t r a n e o u s "  l i n e s  were  a l s o
P.  Agr on ,  A C r e n a l  1 , R. Kurim t  S.  W e l l e r ,  MDDC-1S88 ( 1948) (1210)
 .......   Am.....
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o b s e r v e d . I he s a m p l e s  y i e l d i n g  t h i s  p a t t e r n  were d e s c r i b e d  as  
" d i s t o r t e d  U F ^ " . C he mi ca l  a n a l y s i s  o f  U ^ , F and t o t a l  U o f  s e v e r a l  
s a m p l e s  o f  " d i s t o r t e d  UF^" showed t h a t  t h e  c o m p o s i t i o n  l a y  c l o s e  
t o  h a l l w a y  b e t w e e n  UF^ and U^Fg and i t  was a s s i g n e d  t h e  f o rm u l a
^4^17*  ^ c r y s t a l  s t r u c t u r e  of  U ^ F ^  i s  not  known. I t s  d e n s i t y  i s
- 3  9)
6940 kg m . '
UgF^i  was found  as  t h e  r e a c t i o n  p r o d u c t  when UI( r e a c t s  
w i t h  UF|  i n  t h e  t e m p e r a t u r e  r e g i o n  20 - 45 C . C o n t r a r y  t o  t h e  
r e s u l t s  by Nghi '’ I B a r b e r i  and Har tm an sh cn n  * f o un d  t h a t  t h e  f i n a l
p r o d u c t  o f  t h e  UF^-UF( r e a c t i o n  a t  26 °C i s  6 - UF ^ .
1 . 3 . 2  S e l e c t e d  c h e m i c a l  p r o p e r t i e s  o f  u r a n i u  h e x a f l u o r i d e
Ul h must  he  c o n s i d e r e d  a m o d e r a t e l y  s t r o n g  f l u o r i n a t i n g  
a g e n t . I t  i s  t h e  l e a s t  r e a c t i v e  o f  t h e  a c t i n i d e  h e x a f l u o r i d e s , but  
as  i s  t h e  c a s e  w i t h  a l m o s t  a l l  f l u o r i d e s , two r e a c t i o n s  a r e  v i g o ­
r o u s  . T he se  a r e  t h e  h y d r o l y s i s  i n a c t i o n  and t h e  i e a c t i o n  w i t h  
h y d r o c a r b o n s , l e a d i n g  t o  t h e  g e n e r a l  b e l i e )  t h a t  Vf^ i s  a v e r y
r e a c t i v e  compound . T h i s  i s  n o t  g e n e r a l l y  t r u e  b u t  must be v iewed 
a g a i n s t  t h e  v e r y  s t r i n g e n t  r e q u i r e m e n t s  o f  t h e  e n r i c h m e n t  i n ­
d u s t r y .  I t  i s  f o u n d , f o r  i n s t a n c e , t h a t  c o r r o s  ion r a t e s  o f  some 
e n g i n e e r i n g  m a t e r i a l s  i n  u r a n i u m  h e x a f l u o r i d v  a r c  o r d e r s  o f  mag­
n i t u d e  l o we r  t h a n  r a t e s  e x p e r i e n c e d  w i t h  o r d i n a r y  r i v e r  w a t e r .
Y e t , t h e  c o r r o s i o n  o f  m e t a l s  by 111 , i s  o f  p r im e  i mpoi t a n ce  in  t h e  
s e l e c t i o n  o f  c o n s t r u c t j o n  m a t e r i a l  f o r  an e n r i c h m e n t  p l a n t .  The 
c h e m i c a l  and p h y s i c a l  n a t u r e  o f  111 ( ( e . g .  i t s  d e s t r u c t i o n  by
m o i s t u r e  and i t s  t > x i c i t y )  n e c e s s i t a t e s  u n i q u e  p r c c c . i t  i on s  t o  e l  i -
uWUMumik..
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m i n a t e  a l l  unwa n t ed  r e a c t i o n s .  C h e m i c a l l y  c l e a n  s u r f a c e s  and a 
h i g h  l e v e l  o f  vacuum t i g h t n e s s  are  r e q u i r e d  o f  a l l  v e s s e l s  and 
p i p e s  c a r r y i n g  UF( . Not o n l y  does  c o r r o s i o n  l e a d  t o  t h e  l o s s  o f  
v a l u a b l e  UF ^ , b u t  t h e  c r e a t i o n  o f  "d us t . "  i n  t h e  form o f  c o r r o s i o n  
p r o d u c t s  c a n  l e a d  t o  s e r i o u s  i m p a i r m e n t  o f  p l a n t  p e r f o r m a n c e .
L a b o r a t o r y  i n v e s t i g a t i o n s  i n v o l v i n g  UF, a r e  c o m p l i c a t e d  
c o n s i d e r a b l y  by t h e  n a t u r e  o f  t h e  g%".  Unwanted r e a c t i o n s  a r e  some­
t imes  t r i g g e r e d  by i m p u r i t i e s  p r e s e n t  i n  c o n c e n t r a t i o n s  o f  p a r t s  p e r  
m i l l i o n .  E x p e r i m e n t a t i o n  ( i n c l u d i n g  c o r r o s i o n  s t u d i e s )  t h e r e f o r e  has  
t o  be c a r r i e d  o u t  u n d e r  c o n d i t i o n s  o f  e x t r e m e  c l e a n l i n e s s .
The f o l l o w i n g  c h e m i c a l  p r o p e r t i e s  o f  UFh a r e  r e l e v a n t  :
1. UF e a s i l y  s h e d s  one o r  more f l u o r i n e  a toms  t o  form a
6
f a m i l y  o f  s u b f l u o r i d e s  such  as  a-  and g-UF^,  U^F^ , U ^ F ^  
and U1 j as  a l r e a d y  d e s c r i b e d .  Th e se  s u b f l u o r i d e s  a r e  
f r e q u e n t l y  found  i n  c o r r o s i o n  l a y e r s .
2.  UFf w i l l  r e a c *  v i o l e n t l y  w i t h  o r g a n i c  m a t e r i a l s . A n o t a b l e
e x c e p t i o n  i s  found in  f u l l y  f l u o r i n a t e d  p o l y m e r s , such
as  p o l y t e t r a f l u o r o  e t h y l e n e .
3.  UF(| i s  e a s i l y  decomposed  by w a t e r ,  t h e  f i n a l  e m l p r o d u c t
b e i n g  d e t e r m i n e d  by t h e  r e l a t i v e  e x c e s s  o f  UF^ and H^O 
e . g .  110 J , ,  tKO, Fg , U ,0^1 h o r  U0F4 . Complex compounds 
s u ch  as  U 0 , F ; .U 0 and 110,! , . H , 0 . H F  w i t h  d i f f e r e n t  
r e l a t i v e  numbers  o f  m o l e c u l e s  a r e  f r e q u e n t l y  e n c o u n t e r e d .
I
1 , 8
From t h e  r e a c t i o n
UF6 * 2 H2° " ^  U07F2 + 4 HF
i t  f o l l o w s  t h a t  one gram o f  w a t e r  l e a d ,  t o  t h e  l o s s  o f  
o f  t e n  grams o f  UF, .
The u s e  o f  g l a s s  a p p a r a t u s  i s  r e s t r i c t e d  by t h e  f o l l o w i n g  
c h a i n  r e a c t i o n  :
UF^ H ,0 — >- U O F  , ♦ 4 HF
S i 0 2 ♦ 4 HF —> S i l  . * 2 H.70
As w a t e r  i s  r e c y c l e d  i t  f o l l o w s  t h a t  t o t a l  l o s s  o f  UF
b
r e s u l t ; ,  u n l e s s  t h e  g l a s s  s u r f a c e  can  he t o t a l l y  d e h y ­
d r a t e d  and a l l  i n i t i a l  HF removed from t h e  U1 . In p r a c ­
t i c e  n e i t h e r  o f  t h e s e  r e q u i r e m e n t s  i s  e a s i l y  c o m n l i e d  
w i t h .
UF'6 re. i i  t s w i t h  most  i n d u s t r i a l l y  i m p o r t a n t  m e t a l s .  Th i s  
a s p e c t  w i l l  he d i s c u s - e d  in C h a n t e r  I I .
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rABLL_l J  : ■ SICAL PROPERTIES AND SELECTED PHYSICAI CONSTANTS
FOR URANIUM hhxafluo r i d e
C o l o u r  o f  s o l i d wi i i t e  1
C o l ou r  o f  v a p o u r c o l o u r  1 c s s
T r i p l e  p o i n t 6 4 , 0 2  °C
B o i l i n g  p o i n t 56 ,54  °C
Vapour  p r e s s u r e  a t  0 °C 2,32  kPa
Vapour  p r e s s u r e  a t  25 °C 15, 72  kPa
Vapour  p r e s s u r e  a t  t r i p l e p o i n t 14!?,95 kPa
C r i t i c a l  t t i p e r a t u r e 230 , 2  °C
C r i t i c a l  p r e s s u r e 4 , 5 5  MPa
D e n s i t y ,  s o l i d (25 °C) 5060 1:<? m ^
D e n s i t y , l i q u i d ( 70 °C) 3595 kg m"7|
V i s c o s i t y ,  l i q u i d HO °C) 0 .91  MPa.s
V i s c o s i t y ,  gas —
i
=Gc
19,  p P a . s
S u r f a c e  t e n s i o n (70 0C) 1,68 Pa
D i e l e c t r i i  c o n s t a n t , g a s (67 °( ) 1 , Of 029
Thermal  c o n d u c t i v i t y ,  gas (5 °C) 0 , 4 2  J s "  V 2 ° C " 1
R' ,k ‘v , t ; » "Jraniun Hexafluoride:  A Survey of  the  Physico-chemical Proper t i es" ,  
(Npport (VXl - 28; Goodyear Atomic Corporat ion,  August 1960).
n j  ' o j n s s d J d  ^Jf) Toq
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M  URANIUM HBXAFLUORIDB - 
A LITERATURE SURVEY ----- --------------------
2 • 1 I n t r o d u c t  ion
C o r r o s i o n  has  boon  d e f i n e d  as  t h e  d e s t r u c t i o n  o f  a
m e . f l  o.  a l l o y  by c h e m i c a l  c h a n g e ,  e l e c t r o c h e m i c a l  c h a n g e  or  p h y s i ­
c a l  d i s s o l u t i o n . "  "  In t h e  c a s e  of  u r an i um h e x a f l u o r i d e ,  t h e  a t t a c k  
on t h e  m e t a l  i s  n o r m a l l y  r e l a t i v e l y  m i l d ,  and  t h e  e m ph as i s  i s  more 
on t h e  l o s s  o f  p r o c e s s  g a s  and t h e  s u b s e q u e n t  p r o b le ms  c a u s e d  by 
m i n u t e  q u a n t i t i e s  o f  c o r r o s i o n  p r o d u c t s .
The l e a c t i o n  b e t w e e n  UFe and m e ' a l s  h a s  many a n a l o g i e s  w i t h  
d r y  o x i d a t i o n .  M a t t e r s  a r e  ,h , . e v c ;  c o m p l i c a t e d  by t h e  s p e c i a l  p r o ­
p e r t i e s  o f  u r a n i u m  h e x a f l u o r i d e  and t h e  l a c k  o f  c e r t a i n  f u n d a m e n t a l  
d a t a .
’ •2 l i t e r a t u r e  Sur vey
Much Of t h e  c o r r o s i o n  r e s e a r c h  c o n c e r n i n g  u ran i um h e x a ­
f l u o r i d e  i s  c l a s s i f i e d .  A b r i e f  , e v i c t  w i l l  he g i v e n  o f  t h e  u n c l a s ­
s i f i e d  l i t e r a t u r e ,  which  m o s t l y  o r i g i n a t e d  from t h e  C o m m i s s a r i a t  
* I ' E n c r g i e  A t om iq m .
A publ i ca t ion  by flrymann and Kelling *”  gives some i nfomat ion  on the 
rate of p« nvf ra.  ion of a var i e ty  of  a l loys  exposed to 240 kPa UI(( at  80 °C fsee 
fable 2.1) .  fhe d i f f e r ence  in behaviour between the two copper- l ine al loys 
s t u d i e d  was r e l a t e d  t o  t h e  n i c k e l  and a lu mi n iu m c o n t e n t  o f  t h e  
' PSS r e s i  t ,1nt a l  l o y- L a r K(1 numbers  o f  b l a c k ,  d a r k  brown,  l i g h t  
b r own, y e l l o w  a d c o l o u r I c - ; c r y s t a l s  were  o b s e r v e d  on t h e  sampl es
2) P r i ” c l n l c s  .md » r a I t i c l l " A p p l i i * t i O D ! " " E d ! ^ r d ' A l n o i d ^ ( 1 9 b l ) ' r l 2  
h " ™  a n d  r - ’ ' T ' K v l l i n « '  C o r r o s i o n  T e c h n o l o g y ,  5,  148-1 s i ,
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2 • ! ° ^  Ml/: \LS AND ALLOYS IN URANIUM HEXAFLUORIDE -
A LITERATURE SURVEY
2.1 1n t r o d u c t ion
C o r r o s i o n  has  b e e n  d e f i n e d  as  t h e  d e s t r u <  t i o n  o f  a
nietai  o r  a l l o y  by c h e m i c a l  c h a n g e ,  e l e c t r o c h e m i c a l  c h an ge  or  ph ys i
I f  J  \
v a * d i s s o l u t i o n .  In t h e  c a s e  o f  u r an i um h e x a f l u o r i d e , t h e  a t t a c k
on the  m e t a l  i s  n o i m a 1 1 /  r e l a t i v e l y  m i l d ,  and t h e  emp ha s i s  i s  more 
on t h e  l o s s  of p r o c e s s  g a s  and t h e  s u b s e q u e n t  p r o b l e m s  c a u s e d  by 
m i n u t e  q u a n t i t i e s  o f  c o r r o s i o n  p r o d u c t s .
The r e a c t i o n  b e t w e e n  UF^ and m e t a l s  h as  many a n a l o g i e s  w i t h  
d r y  o x i d a t i o n .  M a t t e r s  a r c , h o w e v e r  c o m p l i c a t e d  by t h e  s p e c i a l  p r o ­
p e r t i e s  o f  u r a n i u m  he / . a t  l u o r i d e  and t h e  l a c k  o f  c e r t a i n  f u n d a m e n t a l  
d a t a .
2 . 2 L i t e r a t u r e  S u i v e y
Much o f  t h e  c o r r o s i o n  r e s e a r c h  c o n c e r n i n g  u r an i um  h e x a -  
f l u o r i d e  i s  c l a s s i f i e d .  A b r i e f  r e v i e w  w i l l  be g i v e n  o f  t h e  u n c l a s ­
s i f i e d  l i t e r a t u r e ,  which  m o s t l y  o r i g i n a t e d  from t h e  C o m m i s s a r i a t  
& I ' E n e r g i e  A t o m i q u e .
2)A publ ica t ion by Ue/mann and Kelling *■ gives some information on the 
rate  of penet ra t ion of a va r ie t y  of  a l lovs  exposed to 240 kPa UF(i a t  80 °C fsee 
table 2 .1) .  The d i f f e r ence  in behaviour between the two copper-zinc al loys 
s t u d i e d  was r e l a t e d  t o  t h e  n i c k e l  and a l u mi n iu m c o n t e n t  o f  t h e  
l e s s  r e s i s t a n t  a l l o y .  L a r g e  numbers  o f  b l a c k ,  d a r k  brown,  l i g h t  
h r own, y e l l o w  and c o l o u r  l e s s  c r y s t a l s  were  o b s e r v e d  on t h e  s amp les
^  U.R.  E v a n s . The C o r r o s i o n  and O x i d a t i o n  o f  M e t a l s  : S c i e n t i f i c  
 ^ P r i n c i p l e s  and P r a c t i c a l  A p p l i c a t i o n s ,  Edward A r n o l d  (1961)  p . 2
I*. Ileymann and F . F . T .  K e l l i n g ,  C o r r o s i o n  T e c h n o l o g y , 5,  148-1 SI, 
(19S8)
a f t e r  e x p o s u r e  To UP , .  ^  ^
A s . n p l o  m, t h o d , b a s e d  on m e a s u , , „ g  t h e  i n t e n s i t y  o f  l i ^ h t  r e f l e c t e d  
l ,om c o r i o d e d  s u r f a c e s  a .  a f u n c t i o n  o f  t h e  a n g l e  o f  i n c i d e n c e ,  was 
used  t o  d e t e c t  c h a n g e s  on t h e  s u r f a c e  o^  t h e  s a m p l e s .  The v a l u e  o f  
t h e  r e s u l t s  o b t a i n e d  i n  t h i s  p a r t  o f  t h e  i n v c s  i g u t i o n  i s ,  howe v e r ,  
not  c l e a r .  I t  i s  a l s o  s t a t e d  th t d e f i n i t e  i n d i c a t i o n s  were  found 
t h a t  t h e  p r e s e n c e  o f  HP in t h e  UF^ s u b s t a n t i a l l y  i n c r e a s e d  t h e  
c o r r o s i o n  r a t e .  The f i n a l  c o n c l u s i o n  was t h a t  t h e  e x c e l l e n t  p r o p e r -  
n i c k e l ,  c o p p r r  .nut a l u mi n i u m had been  p r o v e d , and t h a t  o r -  
d i u a r y  s t e e l s  p e r f o r m e d  h i g h l y  s a t i s f a c t o r i l y .  The c o r r o s i o n  r e s i s -  
t a n c e  of  t i t a n i u m  a l l o y s  was c o n s i d e r e d  good and t h a t  o f  ’’s t a i n l e s s  
s t e e l s "  ( u n s p e c i f i e d )  w i t h  a h i g h  n i c k e l  c o n t e n t  e x c e l l e n t .  The a d ­
d i t i o n  o f  chromium t e n d e d  t o  d e c r e a s e  c o r r o s i o n  r e s i s t a n c e .
L a n g l o i s  c o n d u c t e d  a l a b o r a t o r y  s t u d y  on t h e  e f f e c t  o f  
t e m p e r a t u r e  on t h e  c o r r o s i o n  by UP,, o f  e l e c t r i c a l l y  h e a t e d  w i r e s  
a t  t e m p e r a t u r e s  up t o  1000 °C.  T h i s  t e c h n i q u e  made i t  p o s s i b l e  t o  
d e t e r m i n e  t h e  c o r r o s i o n  r a t e  c o n t i n u o u s l y  by m e a s u r i n g  t h e  change  
in e l e c t r i c a l  r e s i s t a n c e  o f  t h e  w i r e  as  , f u n c t i o n  o f  t i m e  and t em­
p e r a t u r e .  The t e c h n i q u e  a l l o w e d  c o r r o s i o n  s t u d i e s  i n  g l a s s  a p p a r a t u s ,  
as  t h e  UP6 was k e p t  a t  room t e m p e r a t u r e .  The r e s u l t s  a r e  shown in  
f i g u r e  2 . 1 .  N i c k e l  b e h a v e d  a n o m a l o u s l y , i n  t h e  t e m p e r a t u r e  r an ge  
S5C t 0  0 0  >c: where  c o r r o s i o n  r i t e s  i n c r e a s e  s h a r p l y  above  5S0 °C,  
roach  a maximum a t  a b o u t  640 ' ( ’. a n d  t h e n  d e c r e a s e  t o  about  700 ° C .
The r a t c s  a g a i n  i n c r e a s e  r a p i d l y  above  800 n C . I t  would a p p e a r  t h a t  
a m e a s u r e  o f  p r o t e c t i o n  i s  a f f o r d e d  by a n i c k e l  f l u o r i d e  f i l m  when
C. L a n g l o i s ,  C o r r o s i o n  o f  M e t a l l i c  M a t e r i a l s  by Uranium Hexa- 
f l u o r i d e  a t  High T e m p e r a t u r e s , "  USA PC Repor t  A.F. . C . - t r - 6  504 
t r a n s l a t e d  t rom CKA-238S (1963)
! t  i s  t h i n  enough  t o a c c  mmodate e p i t a x i a l  s t r e s s e s . Above 7b0 (,Cf 
however ,  t h e  v a p o u r  p r e s s u r e  o f  n . c k e l  f l u o r i d e  I comes s u f f i c i e n t  
f o r  i t  t o  s u b l i m e ,  and h e n c e  t h e  i n c r e a s e d  c o r r o s i o n  r a t e  above  t h i s  
t e m p e r a t u r e .  Th e s e  e f f e c t s  had b e e n  r e p o r t e d  e r l i e r  by Hale  ■*< a I. 
when t h e y  s t u d i e d  p r e - f l u o r i n a t e d  n i c k e l  in U i ( a t  < l ev a  t e d  ' m 
p e r a t u r e s .
I n  f i g u r e  .1 two c u r v e s  for  Monel ai  r e p o r t e d ,  i t  would
seem t h a t  an e f f e c t  a n a l o g o u s  > p a s s i v a t i o n  i s  f and when t h e  Mont l
i s  p r e - t r e a r e d  w i t h  UF( a t  5S0 - S80 (,C.  Under  t h - s e  c i r c u m s t a n c e s ,
Monei c o r r o d e s  p a r a b o l i c a l l y  a t  h i g h e r  t e m p e r a t u r e s  (u; t o  800 C ) .
Th i s  i n d i c a t e s  a d i f f u s i o n - c o n t r o l l e d  r e a c t i o n  mechani sm.  rn vi ew 
o f  t h e  v o l a t i l i t y  o f  n i c l e l  f l u o r i d e  .hove 750 ( , and o f  t h e
s u b l i m a t i o n  o f  C u l \ ,  e s p e c i a l l y  i h o \ . 0 ° C , as  r e p o r t e d  by G i M a r -
deau e t  a 1. . t h i s  b e h a v i o u r  i s  d i f f i c u l t  t o  e x p l a i n .  S t e i n d l e i  ami
Vogel O b s e r v e d  t h e  v i o l e n t  d e t a c h m e n t  o f  c o r r o s i o n  f i l m s  f rom 
Monel c o u p o n s  p r e v i o u s l y  " x p o s i d  t o  f l u o r i n e  a t  >0 °C.  I xp e  iirv of 
t h e  c o r r o s i o n  f i l m  o f  t a p p e r  1 i le r 11! e an n i i k c .  u<' i i > 16 t • > u t o i y
a i r  may have  ’ s u i t  d in r a t i <j  (' I f he coppc i luo) de w i t h  nmi ' v r c  
wi t h  std . e q u e n t  ban;  s n dens  m and s t r u c t u r e ,  ( r a h  t r e e  « t_u L 
s t u d i e d  t h e  c  rr« - i on <i lm formed l y  f l u o r i n e  on c o p p e r .  Ihe f l u o -
r i n a t i o n  t e m p e r a t u r e s  r a n g e d  from 100 ° t  t o  500 > .  The b e s t  d i f ­
f r a c t i o n  p a t t e r n  w< i o b t a i n e d  in  ’ he i ‘g i ' n  of on C.  b h t n  a
1558 t h r ough  May 19 ), Aid i t . ' - . ( '
319- 330  f 1 9 7o)
M. I .  t e m d l e r  and P.- V o g e l ,  " C o r r o s i o n  f *n t he
P r e s e n c e  of f 1 l o r i n e  i f 1 l e v a t e d  l e m p e i t u r t  , ANL-5bh.  (
J . M.  . r . , ht , I.e. •> and f . l i t t l e ,  "The  Copper  F l u o r i d e s ,  
P a r t  I > . r ay  n * n 1 ron m i c r o s c o p e  l i xaminat  i o n , ’ 1 • I n o r ga n i c
and Nm- 1 e a r  (.hem i ■ t ry , I , ! 1 3- 2 1 ( 19 55)
j i  , i a c t i o n  p a t t e r n  was o b t a i n e d  w i t h i n  2 m i n u t e s  of p o s u r e  t o  
f l u o r i n e , o n l y  t h e  d i  f  f r a c t i o n  i m e  o f  a n h y d r o u  c». >r i f l u o r i d e  
were p r e s e n t . On s t a n d i n g  t h e  s a mp l e  i n  a i r ,  t h e  c o r r o s i o n  f i l m  
was c o n v e r t e d  t o  t h e  g r e e n  b a s i c  f l u o r i d e .
U I) i
P i x m i e r  e t  a i . ’ " d e s c r i b e d  how t h e  s v i a l  p r o p e r t  i- s of
ur an i um h c c a f l u o r i d e  i n f l u e n c e d  t h t  i r  c h o i c e  o f  e x p e r i m e n t a l  me t h o d s .  
Both c o n t i n u o u s  and d i s c o n t i n u o u s  me a s u r e me n t s  were made and c o r r o ­
s i o n  p r o d u c t  a n a l y s i s  wa; a r r i e d  out  by me m - f r; 1 I f f r a c t i o n
and e l e c t r o n  d i f f r a c t i o n .  T i c  c o r r o s i o n  p r o d u c t s  were  found t o  c o n ­
s i s t  m a i n l y  o f  f l u o r i d e s  o f  t h e  c o r r c  g me t a l  as  we 11 as  i n t e r ­
me d i a t e  u r a n i u m f l u o r i d e s  a> p r e d i c t e d  by t 1 Agron d i a g r a m .  Und< i 
some c o n d i t i o n s  t h e  c o r r o s i o n  p r o d u c t s  wer< n o n - a d h e r e n t  o r  d i s  
i n t e g r a t e d  on c o n t a c t  w i t h  a i r .  S p e c i a l  p r r  aut ions  were  t h e r e f o r e  
r e q u i r e d  n o r d e r  t o  o b t a i n  a c c u r a t e  r e s u l t s . i t  s omet i mes  r e q u i r e d  
r emoval  o f  r e a c t i o n  p r o d u c t s  f rom s p e c i me n s  and e i l u a t i o n  c 1 mas 
l o s s e s . I t  wa* as sumed t h a t  t h e  mas . l o s s  met hod c o u l d  be a p p l i e d  
on l y  when t h e  me t i l  r emoved by d i s s o l u t i o n  con . t i  (u t cd ■ '">5 naii
10 i  of t h o  w e i g h t  l o s s  due  to c o r r o s i o n .
Wei ghi np d i d  not  a l wa y s  r f e t  t h e  t r u e  c o r r o s i o n  b e h a v i o u r  
of  t h e  m e t a l , s t u d i e d , as  t h e  l o r r  ) n p r o c e s s  f r e q u e n t l y  m a n i f e s ­
t ed  i t s e l f  in mi c r o  p i t t i n g .  A s pec  i .. 1 t e c h n i q u e  b a s e d  on c o m  r o i l e d
8) J .  D i x m i e r , it. Has s o n , S.  Ma r a va l  and h.W. V i n c e n t ,  J .  Nuc 1 .
Mat .  3,  4 1 SP ( 1961)
9 1 J .  D i x m i e r ,  R. Has - o n ,  s . Ma r ava l  and L.M. V i m  m t , I.  Nuc 1 .
Mat .  S,  200- 207 ( 1961)
p o l i s h i n g  was d e v e l o p e d  t o  s t u d y  t h e  d e p t h  o f  p i t t i n g .
In t h e  s e c o n d  p a r t  o f  t h e  r e v i e w  1 t h f' c a u s e s ,  f o r  poor  
r e p r o d u c i b i l i t y  g e n e r a l l y  e x p e r i e n c e d  in  UV() c o r r o s i o n  s t u d i e s  
were  a n a l y s e d .  The mai n  s o u r c e s  o f  e r r o r  were  f ound t o  be 
d i f f e r e n c e s  in s u r i a c e  p r e p a r a t i o n ,  w e i g h i n g  e r r o r s ,  t e m p e r a t u r e  
v a r i a t i o n s ,  h e t e r o g e n e i t y  o f  t e s t  m a t e r i a l s  and u n c e r t a i n t i e s  i n  
UF(i p r e s s u r e .
V i n c e n t ,  D i x mi e r  and Masson 111 d e s c r i b e d  some o f  t h e  
c o r r o s i o n  p r o c e s s e s  o c c u r r i n g  on d i f f e r e n t  m e t a l s .  In t h e  t empe­
r a t u r e  r a n g e  150 t o  200 C t hey f ound c l e a r l y  d e f i n e d  c o r r o s i o n  
l a y e r s .  I r o n  d i s p l a y e d  a p r i m a r y  f i l m  i n  c l o s e  c o n t a c t  w i t h  t h e  
me t a l  s u r f a c e  f o l l o w e d  by a layt - i  o f  bol  _ and a l a y e r  o f  i n t e r ­
m e d i a t e  u r a n i u m  f l u o r i d e s .  I t  was f ound  t h a t  t h e  Agron d i a g r a m 
d i d  not  a l wa y s  a c c u r a t e l y  p r e d i c t  t h e  n a t u r e  o f  t h e  i n t e r m e d i a t e  
f l u o r i d e s .  At  l ower  t e m p e r a t u r e s  t h e  same c o n s t i t u e n t s  were  f ound ,  
a l t h o u g h  t h e  l a y e r s  a p p e a r e d  t o  he  much more c ompl e x .  F v i d e n c e  was 
found f o r  t h e  e x i s t e n c e  o f  UF( - me t a l  c o m p l e x ' s ,  f h e s e  compl exes  
were  t h o u g h t  t o  be - h ^ r m i J l y  u n s t a b l e  and i h e . c f o r e  d i d  no t  e x i s t  
above  s a y , 120 °C.  At t e m p e r a t u r e s  above 400 d o n l y  mccai  f l u o r i d e s  
c o u l d  he d e t e c t e d  on t h e  s u r f a c e .  The s e  f l u o r i d e  l a y e r s  were  some­
t i me s  n o n - a d h e r e n t  o r  powde r y ,  in t h e  c a s e  of i r o n .  Se v e r a l  
m e t a l l u r g i c a l  f a c t o r s  and ’ h e i r  i n f l u e n c e  on c o r r o s i o n  by UF^ 
a r e  d i s c u s s e d .  I n e s e  w i l l  be  b r i e f l y  r e v i e w e d :
10) L.M. V i n c e n t ,  J .  Di x mi e r  and R. Masson,  I n d u s t r i e s  At omi qucs  
1 / 2 ,  07 ( 1903)
I t  was i o u n d  t h a t  i m p u r i t i e s  n o t  i n  s o l i d  s o l u t i o n  f r e ­
q u e n t l y  a c t  a s  n u c l e i  f o r  g r o wt h s  c o n s i s t i n g  o f  i n t e r m e d i a t e  
u r an i um f l u o r i d e s .  Some p r e c i p i t a t e s  a r e  a t t a c k e d  s e l e c t i v e l y  :
In s t e e l s
In s t a i n l e s s  s t e e l s
In l i g h t  m e t a l s  
In c o p p e r  
In Monel
: s u l p h i d e s ,  o x i d e s , s i l i c a t e s .
: c a r b i d e s , s u l p h i d e s ,  manganese  s i l i c a t e s ,  
c a r b o - n i t r i d e s  o f  t i t a n i u m , o x i d e s .
: Mg? Si and A?,^Fe .
: Cu70 and Cu-Cu-,0 e u t e c t i c .
: c a r b o - n i t r i d e s  o f  t i t a n i u m ,  s u l p h i d e s  and 
o x i d e s  o f  magnes ium.
In l e a d e d  b r o n z e ,  t h e  p r e s e n c e  o f  l e a d  l e a d s  t o  much h i g h e r  
c o r r o s i o n  r a t e s . S e l e c t i v e  a t t a c k  on g r a i n  b o u n d a r i e s  due t o  s e g r e ­
g a t i o n  ( e . g .  F e - C r  i n t e r m e t a l  l i e  compounds)  o c c u r s  n e r a l l y .  C a r ­
b i d e s  i n  f e r r i t i c  s t a i n l e s s  s t e e l  were a l s o  found oe p r e f e r e n t i a l l y
a t t a c k e d .
In m a t e r i a l s  c o n t a i n i n g  g r a p h i t e ,  d i s i n t e g r a t i o n  o f  t h e  s p e c i ­
men n o r m a l l y  o c c u r s . C a s t  i r o n s  a r e  a t t a c k e d  v i g o r o u s l y .  The b e h a ­
v i o u r  o f  s t e e l s  i s  s t r o n g l y  depend  nt  on t h e  c a r b o n  c o n t e n t ,  as 
shown in f i g u r e  2 . . .
I t  was found t h a t  met a 1 l o g r a n h i c  p o l i s h i n g  w i t h  a l um i n a  
o r  diamond p a s t e  l o we r ed  c o r r o s i o n  r a t e s  by a f a c t o r  o f  t h r e e  com­
p a r e d  t o  m a c h i n e d  s u r f a c e s .  E l e c t r o l y t i c  p o l i s h i n g  l ower ed  r a t e s  
by a f a c t o r  of t e n  cofnpaied t o  m ec ha n i c  a 1 I y p o l i s h e d  s u r f a c e s .
S u r f a c e  o x i d e s  i n f l u e n c e d  t h e  r a t e  of a t t a c k .
R e g a r d i n g  f a c t o r s  e x t e r n a l  t o  t h e  me t a l ,  t h e  a u t h o r s  s t r e s s e d  
the n e c e s s i t y  o f  e mp l o y i n g  p u r e  Ui (). The p r e s e n c e  o f  HF p r ove d  
p a r t i c u l a r l y  h a r m f u l .  I t  w is f ound t h a t  t h e  p r e s s u r e  o f  UF(1 had 
l i t t l e  i n f l u e n c e  on t h e  c o r r o s i o n  p r o c e s s e s ,  e s p e c i a l l y  a t  t h e  
l ower  t e m p e r a t u r e s .
The b e h a v i o u r  o f  i r o n  o f  c o mme r c i a l  p u r i t y  i s  d i s c u s s e d  
by Di x mi e r  e j  a l . '*  ^ They made us e  o f  v a r i o u s  t e c h n i q u e s ,  i n c l u ­
di ng  m i c r o - w e i g h i n g ,  m i c r o g r a p h i c  a n a l y s i s  and c h e mi c a l  a n a l y s i s .
At t e m p e r a t u r e s  a b o v e  300 °C c o r r o s i o n  was f o l l o w e d  by s t u d y i n g  
t h e  i n c r e a s e  i n  e l e c t r i c a l  r e s i s t a n c e  o f  a w i r e  h e a t e d  by t h e  J o u l e  
e f f e c t .  The d i r e c t  o b s e r v a t i o n  of t h e  i n i t i a l  s t a g e s  o f  c o r r o s i o n
was made p o s s i b l e  t h r o u g h  t h e  u s e  o f  a s p e c i a l l y  d e v e l o p e d  hot
1 2 )
s t a g e  ( d e s c r i b e d  i n  a s e p a r a t e  p u b l i c a t i o n ) .  T y p i c a l  c o r r o s i o n  
i s o t h e r m s  f ound f o r  s t e e l  ("10c a r e  shown in f i g u r e  2 . 3 .
In t h e  r e g i o n  SO - 100 °C a c o r r o s i o n  a c t i v i a t i o n  e n e r gy  
o f  21 kJ  mo l * '  was f o u n d .  T h i s  i n c r e a s e d  t o  29 kJ mol 1 i n  t h e  
r ange  1 0 0  - 2 0 0  VC.
F x a m i n a t i o n  o f  t h e  m e t a l ,  s t r i p p e d  from i t s  c o r r o s i o n  p r o ­
d u c t s  , showed t h a t  a t  80 C i s e n t  i a  11 y mi c r o p i  f * ing of f e r r i t e  
g r a i ns  o c c u r r e d . At t h e  same t i me  i n c l u s i o n s ,  p a r t i c u l a r l y  manganese  
s u l p h i d e ,  wer e  v i g o r o u s l y  a t t a c k e d .  At somewhat  h i g h e r  t e m p e r a t u r e s  
(100 - 120 °C) g r a i n  b o u n d a r i e s  wer e  e t c h e d .  T e r t i a r y  c e m e n t i t c s  
and o x i d e s  wer e  a t t a c k e d .  In t h t  r e g i o n  of  I'-n - . 0 (’ ( a t t a c k
on t h e  g r a i n s  was p r o n o u n c e d .
n )  J .  D i x m i e r ,  I,. ' .  V i n o  n t  and R. l l a s s o n ,  C o r r o s i o n  e t  A n t i c o r ­
r o s i o n ,  11,  8( i - l>7 ( 1963)
' - * i , . m . V i n c e n t  and R. Masson,  Memoi res  St i en t  i f i q u e s  Rev.
M e t a l l u r g ,  I X I I ,  No. 5,  414-41 (I96S) .
' 1 "  ^  11 miu ' i a t  u: vs (60 - 100  ^C),  i n t e r f e r e n c e  c o l o u r s  
c o u l d  he  o b s e r v e d  a s  t h e  m e t a l  s u r f a c e  was b r o u g h t  i n t o  c o n t a c t  
*  ^ o '  a c t i o n  i . i t v  s t r o n g l y  de p e n d e d  on c r y s t a l  o r i e n t a -
h t i . a u > t d i t t e i e n t  c r y s t a l s  d e v e l o p e d  d i f f e r e n t  c o l o u r s .  Man- 
* * s v l p h i d c  r a p i d l y  c h a n g e d  c o l o u r  and became s u r r o u n d e d  by 
a ciown e t  m i c r o - c r y s t a l s .  The g r owt h  p r o c e s s  o f  t h»  b a s e  f i l m  
was f o l l o w e d  m i c r o s c o p i c a l l y .  I t  was i n i t i a t e d  by t h e  a p p e a r a n c e  
of >t ep> , as  shown i n  f i g u r e  2 . 4 .  L a t e r a l  e x t e n s i o n s  o f  t h e s e  
s t e v s  t e n d e d  t o  i i i l  t h e  gaps  be t wee n  t hem,  w h i l e  s e c o n d a r y  " s t e p s "  
a p p e a r e d  on t h e  new s u r f a c e s  t h u s  c r e a t e d .
Above 10 0  i t h e  a t t a c k  ot new i n c l u s i o n s  became a p p a r e n t  
such as  t e r t i a r y  c e m e n t i t e s  and o x i d e s .  When 150 °C was r e a c h e d ,  
t he  g r o wt h  o f  s u b f l u o r i d e s  became a c t i v e  and r a p i d  and t h e  s u r f a c e  a p ­
p e a r e d  e n t i r e l y  c o v e r e d  w i t h  a d e p o s i t  whi ch  upon m i c r o g r a p h i c  
e x a m i n a t i o n  r e s o l v e d  i n t o  a s l o s e  mass  o f  c r y s t a l l i t e s .
At 200 °C t h e  s a mp l e s  were  c o v e r e d  in  a de n s e  t h i c k  c r u s t  
i n  i h i c h  i n t e r n a l  s t r e s s e s  ^ a u s e d  s c a l i n g ,  c o n t i n u o u s l y  e x p o s i n g  new 
s u r f a c e  and t h e r e f o r e  l e a d i n g  t o  l i n e a r  k i n e t i c s  i n  t h i s  t e m p e r a t u r e  
r e g i o n .  Under  t h e  s u r f a c e  l a y e r  a  % >  o n d  l a y e r ,  g r e e n  in c o l o u r ,  
c o u l d  he e b b  r v e d .
A n a l y s i s  of  p r o d u c t s  formed in  t h e  80 - 100 °C r e g i o n  i n d i ­
c a t e d  a u i a n i u m  s u b f l u o r i d e  c o n t e n t  o f  more t h a n  90 t .  Th i s  was 
t h o u g h t  t o  be m a i n l y  UF. .
The b l a c k  o u i e i  l a y e r  formed a t  250 C was found t o  be 
U2 F,) , a s  p r e d i c t e d  by t h e  e q u i l i b r i u m  d i a g r a m .  The s u b j a c e n t  g r e e n  
l a y e r  was i d e n t i f i e d  as  F e F * . The s u b l a y e r  whi ch  a d h e r e d  n.ore o r
2 . 8
At low t e m p e r a t u r e s  (60 -  100 °C) ,  i n t e r f e r e n c e  c o l o u r s  
c o u l d  be  o b s e r v e d  as  t h e  me t a l  s u r f a c e  was  b r o u g h t  i n t o  c o n t a c t  
wi t h  UF6 . The r e a c t i o n  r a t e  s t r o n g l y  d e p e n d e d  on c r y s t :  o r i e n t a ­
t i o n  b e c a u s e  d i f f e r e n t  c r y s t a l s  d e v e l o p e d  d i f f e r e n t  c o l o u r s .  Man­
gan e s e  s u l p h i d e  r a p i d l y  c h a n g e d  c o l o u r  and became s u r r o u n d e d  by 
a crown o f  m i c r o - c r y s t a l s .  The g r owt h  p r o c e s s  o f  t h e  h o s e  f i l m  
was f o r ’ wed m i c r o s c o p i c a l l y .  I t  was i n i t i a t e d  by t h e  a p p e a r a n c e  
of  s t e p s ' ,  a s  shown i n  f i g u r e  2 . 4 .  L a t e r a l  e x t e n s i o n s  o f  t h e s e  
s t e p s  t e n d e d  t o  f i l l  t h e  g a p s  b e t we e n  t hem,  w h i l e  s e c o n d a r y  " s t e p s "  
a p p e a r e d  on t h e  new s u r f a c e s  t h u s  c r e a t e d .
Above I 0 J “(. t h e  a t t a c k  of new i n c l u s i o n s  became a p p a r e n t  
such as  t e r t i a r y  c e m e n t i t e s  and o x i d e s .  When 1 SO °C was r e a c h e d ,  
t he  g r o wt h  o f  s e  u o r i d e s  became a c t i v e  and r a p i d  and t h e  s u r f a c e  ap-  
p e a r e d  e n t i r e l y  w u v e t i d  w i t h  a d e p o s i t  wh i ch  upon m i c r o g r a p h i c  
e x a m i n a t i o n  r e s o l v e d  in* a c l o s e  mass  o f  c r y s t a l l i t e s .
At 20  0 C t h e  s a mp l e s  were  c o v e r e d  in a d e n s e  t h i c k  c r u s t  
i n  which i n t e r n a l  s t r e s s e s  c a u s e d  s c a l i n g ,  c o n t i n u o u s l y  e x p o s i n g  new 
s u r f a c e  and t h e r e f o r e  l e a d i n g  t o  l i n e a r  k i n e t i c s  in t h i s  t e m p e r a t u r e  
r e g i o n .  Undet  t h e  s u r f a c e  l a y < • a < ond l a y e r , g r e e n  i n  c o l o u r , 
c o u l d  be < bs • r v e d .
A n a l y s i s  of  p r o d u c t s  formed in t h e  80 - 100 °C r e g i o n  i n d i ­
c a t e d  a u r a n i u m sub  f l u o r i d e  c o n t e n t  o f  more t h a n  90 I . T h i s  was 
t hough t  t o  be m a i n l y  ! i f:  ^ .
The b l a c k  o u t e i  l a y e r  formed a t  2 SO C was f ound  t o  be 
112 ^9 • as  p r e d i c t e d  by t h e  e q u i l i b r i u m  d i a g r a m .  The s u b j a c e n t  g r e e n  




iim ^ m m
l e s s  , 0  t h e  m e t a l  e t u l d  n o t  be  p o s i t i v e l y  i d e n t i f i e d ,  b u t  was 
found t o  c o n t a i n  f l u o r i n e ,  i r o n  and u r a n i u m.
Vi n c e n t  131  drew a p a r a l l e l  between d r y  o x i d a t i o n  and 
f l u o r i n a t i o n  by c e r t a i n  f l u o r i n a t i n g  g a s e s  ( f l u o r i n e ,  hydr oge n  
f l u o r i d e ,  C h l o r i n e  t r i f l u o r . d e  and u r a n i u m h e x a f l u o r i d e ) . He 
s t a t e d  t h a t  UF6 c o n s t i t u t e s  t h e  most  compl ex c a s e  i n  view o f  
t he  l a c .  t h a t  s o l i d  u r a n i u m s u b f l u o r i d e s  a r e  formed s i m u l t a n e o u s ­
l y  Wi th t h e  me t a l  f l u o r i d e  a t  t h e  g a s - m e t a l  i n t e r f a c e .  Th e s e  s u b ­
f l u o r i d e s  a r e  t h e m s e l v e s  l i a b l e  t o  r e a c t  w i t h  g a s e o u s  UFf> t o  form 
a more o x i d i s e d  s u b f l u o r i d e  o f  u r a n i u m .  Vi n c e n t  c o n c l u d e d  t h a t  
t I u o r i  n a t I  on r e a c t i o n s  c o n s t i t u t e  a s p e c i a l  c a s e  o f  d r y  o x i d a t i o n  
by v i r t u e  o f  numer ous  p a r a l l e l s  e . g .  s t a n d a t ,  i . e a t s  o f  f o r m a t i o n  
of o x i d e s  and f l u o r i d e s  o f  a v a r i e t y  of  m e t a l s .
Has son  and V i n c e n t  1 , 1  s t u d i e d  t h e  r o l e  o f  i n c l u s i o n s  i n  
i r o n ,  c o p p e r , n i c k e l ,  l e a d  and t h e i r  a l l o y s  in c o r r o s i o n  by a 
v a r i e t y  o f  f l u o r i n a t i n g  g a s e s  (!•-,, HF, G I F , ,  UF()) .  G e n e r a l l y  s o l i d  
d e p o s i t s  f ormed more  r e a d i  l y  on inclusions than on the matrix i t s e l f .  In 
mi l d  s t e e l  a t  low t e m p e r a t u r e s  c r y s t a l l i n e  f o r m a t , ons  20  urn t h i c k  
were found on i n c i s i o n s  w h i l e  t h e  m a t r i x  .howed o n l y  i n t e r f e r e n c e  
c o l o u r s ,  i n d i c a t i n g  a f i l m  t h i e k n e  o f  ,* <■ t ha n  0 , 5  pm. I t  i s  
c l f ' a i  t h a t  k i n e t i c  s t u d i e s  r e l y i n g  on n, i* > i n c r e a s e s  w i l l  l e ad
L.M. V i n c e n t ,  Chi mi e  I n d u s t r i e  - ,c ni  < Chi mi que  95,  011-021 
( 1966)
R. das  son and I..M. V i n c e n t ,  Memoi r e s  S c i e n t i f i q u e s  Rev 
M e t a l l u r g y  LXIV, No. 3,  213- 224 ( 19< M
t o  s e r i o u s  e r r o r s .  The r o l e  o f  t h e  i n c l u s i o n s  can he  v i s u a l i z e d  
as  d i s c o n t i n u i t i e s  i n  t h e  p r o t e c t i v e  f l u o r i d e  f i l m  l e a d i n g  t o  
l o c a l  a t t a c k .
Di x mi e r  e t  a 1 . 1 ga ve  a g e n e r a l  o v e r v i e w  o f  t h e  c o r r o ­
s i o n  s t u d i e s  t h a t  had been  u n d e r t a k e n  by t h e  "Group f o r  C o r r o s i o n  
and F l u o i i n a t  i on  of M e t a l s "  a t  Sac l a y . The f o l l o w i n g  c o n c l u s i o n s  
were drawn :
S i g n i f i c a n t  r e s u l t s ,  on which l ong  t e rm f o r e c a s t s  
c a n  he b a s e d ,  can on y be o b t a i n e d  i f  r e f i n e d  met hods  
and  t h o r o u g h  p r e c a u t i o n s  a r e  a p p l i e d .
A d e t a i l e d  s y s t e m a t i c  s t u d y  o f  e v e r y  m a t e r i a l  i s  i n ­
d i s p e n s a b l e  t o  d e c i d e  on t h e  p o s s i b i l i t e s  o f  employ 
t h e r e o f . Wrong i n t e r p r e t a t i o n  o f  c e r t a i n  f a c t o r s  can 
l e a d  t o  d i s a s t r o u s  i n d u s t r i a l  r e s u l t s .
E x t e n s i v e  c o m p r e h e n s i o n  o f  t he  c o r r o s i o n  me c h a n i s ms , 
b a s e d  on a f u n d a me n t a l  t y p e  o f  r e s e a r c h  w o r k , i s  i n d i s ­
p e n s a b l e  i f  one wa n t s  t o  t r y  and i mprove  t h e  p e r f o r -  
mam e o f  ex i  t i n g  m a t e r i a l s  o r  c r e a t e  new m a t e r i a l s , 
p a r t i c u l a r l y  i l  t h e  l a s t m e n t i o n e d  have  t o  comply w i t h  
s t r i c t  economi c  i m p e r a t i v e s . "
V i n c e n t  ej: a_l. *f> * r e v i e w e d  much o f  t h e  F r e n c h  work up 
t o  1969.  U1 ( , CtFj  and f l u o r i n e  were  d i s c u s s e d .  E x p e r i m e n t a l  methods 
were  a l s o  t r e a t e d  in some d e t a i l .
1'' 1 J . D i x m i e r ,  R. Has s o n ,  S . Maravu 1 , P.  S a l l e  and I .  V i n c e n t ,
"La C o r r o s i o n  Ins M a t e r i a u x  Meta 1 1 i q u e s  Dans 1e P r e c e d e  dc
D i f f u s i o n  Ga ; v u s c "  in " P i o h l e m i  d e l l a  S e p a r a z i o n c  I s o t o p i c a  
D e l l '  ll »nio"  pp .  I DO-. ,oi f Symposium,  T u r i n ,  1-2 Oc t o b e r  1968)
1 h 1 L.  V i n c e n t ,  .1. I I a r d e a n  , R. Has son and S. M a r a v a l ,  F.nergi e
Nuc 1 6 a i r e , 1 1 , 41)0-4 10 ( 1969)
1 7)
L. V i n c e n t ,  .1. Gi 1 l a r d e a u ,  R. Has son and S.  Ma r a v a l ,  Energ i e 
N u c l f a i r e ,  1 1 , 111-422 ( 1969)
2 . 1 0
t o  s e r i o u s  e r r o r s .  The r o l e  o f  t h e  i n c l u s i o n s  can be v i s u a l i z e d  
as  d i s c o n t i n u i t i e s  i n  t h e  p r o t e c t i v e  f l u o r i d e  f i l m  l e a d i n g  t o  
l oca  a t t a c k .
Di x mi e r  e t _ j a l  * gave  a g e n e r a l  o v e r v i e w o f  t h e  c o r r o ­
s i o n  s t u d i e s  t h a t  had been  u n d e r t a k e n  by t h e  "Croup f o r  C o r r o s i o n  
and I I n c l i n a t i o n  oi N e t a l s "  a t  Sac l a y .  The f o l l o w i n g  c o n c l u s i o n s  
were drawn :
S i g n i f i c a n t  r e s u l t s ,  on whi ch long t erm f o r e c a s t s  
c an  be  b a s e d ,  can o n l y  be o b t a i n e d  i f  r e f i n e d  met hods  
and  t h o r o u g h  p r e c a u t i o n s  a r e  a p p l i e d .
A d e t a i l e d  s y s t e m a t i c  s t u d y  o f  e v e r y  m a t e r i a l  i s  i n ­
d i s p e n s a b l e  t o  d e c i d e  on t h e  p o s s i h i l i t e s  o f  employ 
t h e r e o f .  Wrong i n t e r p r e t a t i o n  o f  c e r t a i n  f a c t o r s  can  
l e a d  t o  d i s a s t r o u s  i n d u s t r i a l  r e s u l t s .
E x t e n s i v e  c o m p r e h e n s i o n  o f  t h e  c o r r o s i o n  mec han i s ms ,  
b a s e d  on a f u n d a me n t a l  t y p r  o i  r e s e a r c h  wor k ,  i s  i n d i s ­
p e n s a b l e  i f  one wa n t s  t o  t r y  and improve  t h e  p e r f o r ­
mance o f  e x i s t i n g  m a t e r i a l s  or  c r e a t e  new m a t e r i a l s ,  
p a r t i c u l a r l y  i f  t h e  1a s t m e n t i o n e d  have  t o  comply w i t h  
s t r i c t  e conomi c  i m p e r a t i v e s . "
V i n c e n t  e t  a l . l h |  r e v i e w e d  much o f  t h e  F r ench  work up 
t o  ?db9.  Ill ( , Q f a n d  f l u o r i n e  were  d i s c u s s e d .  E x p e r i m e n t a l  methods 
were  a l s o  t r e a t e d  in some d e t a i l .
1 5''  J .  D i x m i e r ,  R. Ma s s o n , S. Mar av . i l ,  !’ . S a l l e  and L.  V i n c e n t ,
"La C o r r o s i o n  l es  M a t e r i a u x  M e t a l l i q u e s  Dans 1e P r o c e d e  de 
D i f f u s i o n  Ha z e u s e "  in " P r o b l e m i  d e l l a  S e p a r a z i o n e  I s o t o p i c a  
D e l l ’ II in o"  ' p.  199-209 fSympos ium,  T u r i n ,  1 - 2  O c t o b e r  1968)
1 h 1
L. V i n c e n t ,  .1. G i l l a r d e . t u ,  R. Masson and S.  Ma r o v a l ,  E n c r g i e  
N u c l e a i r e ,  1 1 , 400-4 10 ( 1969)
17)
L. Vin e n t ,  .1. ( i i l l a r d e m ,  R. Masson and S.  M a r a v a l ,  Ene g i c  
N u c l e a i r e ,  1 1 , 4 11-4 22  ( 1969)
17)
2 . 1 1
An i n t e r e s t i n g  met hod o f  e n h a n c i n g  t h e  r e s i s t a n c e  o f  
b r a z e d  a l u mi n i u m a l l o y s  t o  c o r r o s i o n  by f l u o r i n a t i n g  p a s e s  i s  
d e s c r i b e d  in a U n i t e d  S t a t e s  P a t e n t .  When a l u m i n i u m - s i l i c o n  
a l l o y  f i l  l e i  me t a l  i s  u s e d ,  b r a z e d  j o i n t s  a r e  a t t a c k e d  by f l u o ­
r i n a t i n g  g a s e s  due  t o  t h e  f o r m a t i o n  o f  g a s e o u s  S i 1 ^. When a c o n ­
t i n u o u s  s i l i c o n - r i c h  p h a s e  i s  p r e s e n t  in t h e  a l l o y ,  t h e  l e a c h i n g  
p r o c e s s  i s  c o n t i n u e d  t h r o u g h  t h e  j o i n t .  Howe ve r , i f  d i s c r e t e  
s i l i c o n - r i c h  p a r t i c l e s  a r e  c r e a t e d  by s u i t a b l e  h e a t  t r e a t m e n t  
t h e  c o r r o s i o n  r e s i s t a n c e  of  t h e  j o i n t  i s  i mproved c o n s i d e r a b l y .
181 U. S.  McGl as s on ,  . 1/1.  T i d w e l l ,  CM . Weaver  and C.A.  C u l p e p p e r , 
U. S .  P a t e n t  ' 4 59 145 ( J a n .  7,1<>7S)
‘ABU ’ -I : CORROSION RAT!-5 OF ALLOYS IN GASEOUS UF AT 240 kPa
—---------  —- — ------------ —— __       __ o
AND 80 °C 2)
A l l o y Ex pos u r e  Time 
h
C o r r o s i o n  Rat e  
pm/h
xIO6
H i g h - p u r i t y  a l u mi n i u m 672 58
5051 a l u mi n i u m 672 116
5057 a l u mi n i u m 672 87
0 , 12  C s t e e l 1440 145
0 , 25  C s t e e l 1440 145
0 , 35  C s t e e l 1440 145
0, 50  C s t e e l 1440 145
0, 65  C s t e e l 14 40 145
1,25 C s t e e l 1440 522
Copper 720 29
Cu 30 Zn 2 , 5  At  1 , 5  . e < 2 Ni 
0 , 8  Si  0 , 8  Pb 14 40 406
Cu 35 Zn 3 Pb 0 , 5  Fe 144 0 116
Cu 11 At <> Ni 6 Fe < 2 , 5  Mn 14 4 0 58
Cu 11, 5  At  4 , 5  Ni 1 Fe 1440 58
Mono 1 1440 3
Ti 6 At  4 V 504 406
Ti 5 At  2 , 5  Sn 504 406
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3 . EXPER IMENTAL PROCEDURE
3 .  1 I n t r o d u c t i o n
The l i t e r a t u r e  s u r v e y  p r e s e n t e d  i n  t h e  p r e v i o u s  c h a p t e r  
r e v e a l e d  t h e  r e l a t i v e  d e a r t h  o f  UP( c o r r o s i o n  r1 i a  f o r  many e n g i ­
n e e r i n g  m a t e r i a l s .
As was i n d i c a t e d  e a r l i e r ,  t h e r e  a r e  s e v e r a l  r e a s o n s  why 
a l l  f orms  o f  c o r r o s i o n  must  he  e l i m i n a t e d  as  f a r  as  p r a c t i c a l l y  
p o s s i b l e .  C h o i c e  o f  cons t ruct ional  m a t e r i a l s  t h e r e f o r e  has  t o  be 
done  w i t h  e x t r e m e  c a r e . As i n  many e n g i n e e r i n g  s i t u a t i o n s , t h e  
f i n a l  c h o i c e  i s  f r e q u e n t l y  a compr omi se  be t we en  s e v e r a l  c o n f l i c ­
t i n g  r e q u i r e m e n t s . From a c o r r o s i o n  p o i n t  o f  view.,  a l umi n i um 
a l l o y s  c o n s t i t u t e  a v e r y  a t t r a c t i v e  c l a s s  o f  m a t e r i a l s  f o r  t h e  
c o n s t r u c t i o n  o f  p i p e s , v e s s e l s  e t c . F a c t o r s  s uch  as  economi c  c o n ­
s i d e r a t i o n s ,  s t r e n g t h  r e q u i r e m e n t s ,  m a n u f a c t u r i n g  t e c h n i q u e s  e t c . ,  
f r e q u e n t l y  f o r c e  t h e  hand oi  t he  m e t a l l u r g i s t  t o  make c o n c e s s i o n s . 
T h i s  l e a d s  t< t h e  u s e  ot  m a t e r i a l  s uch  as  s t a i n l e s s  s t e e l s  whi ch  
have  many a t t r a c t i v e  p r o p e r t i e s ,  a l t h o u g h  f r e q u e n t l y  c o n s i d e r e d  
f o r  a p p l i c a t i o n s  f o r  whi ch  t h e y  were  not  o r i g i n a l l y  d e s i g n e d .
Ccppei  a l l o y s  a r c  v e r y  u s e f u l  f o r  a p p l i c a t i o n s  in ,f o r  
i n s t a n c e , v a l v e s  , i n s t r u m e n t s ,  h e a r i n g s ,  s e a l s , e t c . Monel meta  1 i s  
one  o f  t h e  most  r e s i s t a n t  m a t e r i a l s  t o  f l u o r i n a t i n g  a t m o s p h e r e s , 
even  a t  h i g h  t e m p e r a t u r e s .  Co p p e r - z  i nc a l l o y s  a r e  a p p l i c a b l e  as  
b r a z i n g  a l l o y s  and  in a p p l i c a t i o n '  wher e  good m a c h i n a b i 1 i t y  i s  
r e q u i r e d . Al umi ni um bt onzr  s and b e r y l l i u m  c o p p e r  a r e  f r e q u e n t l y  
empl oyed ; n v a 1v and in d i a p h r a g ms  r e s p e c t i v e l y .
3 . E XPERI MENTAL PROCEni l RP
3 . 1  I n t r o d u c t i o n
The l i t e r a t u r e  s u r v e y  p r e s e n t e d  i n  t h e  p r e v i o u s  c h a p t e r  
r e v e a l e d  t h e  r e l a t i v e  d e a r t h  o f  UF^ c o r r o s i o n  d a t a  f o r  many e n g i ­
n e e r i n g  m a t e r i a ' s .
As was i n d i c a t e d  e a r l i e r , t h e r e  a r e  s e v e r a l  r e a s o n s  why 
a l l  f orms  of  c o r r o s i o n  must  he e l i m i n a t e d  as  f a r  as  p r a c t i c a l l y  
p o s s i b l e .  Ch o i c e  o f  cons t ruct ional  m a t e r i a l s  t h e r e f o r e  h a c t o  be 
done  w i t h  e x t r e m e  c a r e .  As in many e n g i n e e r i n g  s i t u a t i o n s ,  t h e  
f i n a l  c h o i c e  i s  f r e q u e n t l y  a compr omi s e  be t ween  s e v e r a l  c o n f l i c ­
t i n g  r e q u i r e m e n t s .  From a c o r r o s i o n  p o i n t  o f  v i e w,  a l umi n i um 
a l l o y s  c o n s t i t u t e  a v e r y  a t t r a c t i v e  c l a s s  o f  m a t e r i a l s  f o r  t he  
c o n s t r u c t  i o n  o f  p i p e s , v e s s e l s  e t c .  F a c t o r s  such  a s  economi c  c o n ­
s i d e r a t i o n s ,  s t r e n g t h  r e q u i r e m e n t s ,  m a n u f a c t u r i n g  t e c h n i q u e ,  e t c . ,  
f r e q u e n t l y  f o r c e  t h e  h nd oi t h e  m e t a l l u r g i s t  t o  make c o n c e s s i o n s .  
T h i s  l e a d s  t o  t h e  u s e  o f  mat “r i a l  s uc h  as  s t a i n l e s s  s t e e l s  whi ch 
ha ve  many a t t r a c t i v e  p r o p e r t i e s ,  a l t h o u g h  f r e q u e n t l y  c o n s i d e r e d  
f o r  a p p l i c a t i o n ^  l o r  wh i c h  t hey were not  o r i g i n a l  Iy d e s i g n e d .
Co p p e r  a l l o y  a r e  v e r y  u s e f u l  f o r  a p p l i c a t i o n s  i n , f o r  
i n s t a n c e ,  v a l v e s , i n s t r u m e n t  . ,  h e a r i n g s ,  s e a l s , e t c . Monel m e t a l  iu 
one o f  t h e  most  r e s i s t a n t  m a t e r i a l s  t o  f l u o r i n a t  i ng  a t m o s p h e r e s , 
even a t  h i g h  t e m p e r a t u r e s . Coppe r -  ini  a l l o y s  a r e  a p p l i c a b l e  as  
b r a z i n g  a l l o y s  a n d  i n  a p p l i c a t i o n s  w h e r e  good m a c h i n a b i l i t y  i s  
r e q u i r e d .  A l u m i r i u m  b r o n z e s  a n d  b e r y l l i u m  c o p p e r  a r e  f r e q u e n t l y  
e m p l o y e d  i n  v u l i  a n d  i n  d i a p h r a g m s  r e s p e c t i v e l y .
As .1 r e s u l t  ol  t h e  p o t e n t i a l ] * ’ wi de  a p p l i c a b i l i t y  o f  c o p p e r  
a l l o y  ui  in e n r i c h m e n t  p l a n t ,  i t  was d e c i d e d  t o  embark on a c o r r o ­
s i o n  ' r  i'c i .nry« a i med a t  a c q u i r i n g  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  c o r r o ­
s i o n  bet  iv t o u r  o f  c o p p e r  a l l o y s  i n  g a s e o u s  U! ( •
3 . 2  / 1 l o y s  1n y e s t i ^ a  t e d
T a ^ l e  v o n t a i n s  a l i s t  o f  t h e  c o p p e r  a l l o y s  s t u d i e d .
In most i n s t a n c e s  t h e  a l l o y s  we r e  s p e c i a l l y  p r e p a r e d  f o r  t h i s  i n v e s t i ­
g a t i o n  a s  c omme r c i a l  a l l o y s  f r e q u e n t l y  c o n t a i n  s ma l l  amount s  o f  i n ­
put  i t i e s  whi ch  c o u l d  i n f l u e n c e  r e s u l t s .
A l l o y s  wer e  m e l t e d  i n  a vacuum f u r n a c e  and c a s t  i n t o  sm; 11 
i n g o t s  wh i c h  wer e  ho t  r o l l e d  down t o  a t h i c k n e s s  o f  1 mm. I n t e r m e d i a t e  
a n n e a l i n g  was done  when r e q u i r e d .  F i n a l  a n n e a l i n g  was n o r m a l l y  c a r r i e d  
ou t  a t  SO f o r  30 m i n u t e s  i n  s e a l e d  q u a r t z  t u b e s  u n d e r  a r g o n  t o  
p r e v e n t  o x i d a t i o n  and e x c e s s  ve c h a nges  i n  c o m p o s i t i o n  such a s  t h r o u g h  
z i n c  l o s s  i n  b r a s s e s .
From t h e  1 ms t h i c k  s t r i p s , s p e c i me n s  (15 mm i n  d i a m e t e r )  
were  p u n c h e d .  B r i t t l e  a l l o y s  we r e  us ed  i n  t h e  a s - c a s t  c o n d i t i o n ,  s p e ­
c i mens  b e i n g  ma c h i n e d  t o  t h e  r e q u i r e d  d i m e n s i o n s .
Chemi ca l  a n a l y s i s  was c a r r i e d  o u t  on a l l  a l l o y s  u s i n g  wet
c h e m i c a l  m e t h o d s , s p e c t r o g i a p h y  md a t o m i c  a b s o r p t i o n  s p e c t r o s c o p y .
3 . 2 . 1  1 . i. m i  .m b r  n z e
Aj j* i m u m  b r o n z e s  a r e  a gi up o f  c p p e r  a l l o y s  c o n t a i n i n g  
1 1umir  . a s  *'  p r i n c i p a l  a l l o w i n g  e l e m e n t  which  a r e  r enowned f o r
t h e i r  ’ . . - s t r e n g t h  and e x c e l l e n t  c o r r o s i o n  r e s i s t a n c e .  Aluminium 
b r o ’ i e s  »r< e . a 1 y • u i t a b l e  f o r  c a s t i n g  and m e c h a n i c a l  wo r k i n g .
With less,  t ham a* ou t  M p e r  c< nt  o f  a l umi n i um t h e  a l l o y s  have  an e s s e n ­
t i a l  y d * : - s* r , » j r * A d d ; • j on  o f  i r o n  g i v e s  r i s e  t o  an i mp r o v e ­
ment  i n  be ’ n ’ m a /  * b and  o r r o  i on r e s i s t a n c e .  T y p i c a l  a p p l i c a t i o n s  
o f  c a f f  i ’ i wro ; ■t a l u mi n i u m b r o n z e  i n c l u d e  i m p e l l e r s ,  b e a r i n g s , 
g e a r s , h#- a t  » /  *  ■ y <  ■ ,  p r e m j m  v> s s e l s ,  c o m p r e s s o r  b l a d e s  e t c .  The
a l  If y i r  i t ‘ i • <f</esr i g a t  i on was s u p p l i e d  by McKechnie Bros .
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r i s u l .  of t ho p o t e n t i a l l y  wi de  a p p l i c a b i l i t y  o f  c o p p e r  
a l l o y s  i n  an e n r i c h m e n t  p l a n t ,  i t  was d e c i d e d  t o  embark on a c o r r o ­
s i o n  programme a i med  a t  a c q u i r i n g  a b e t t e r  u n d e r s t a n d i n g  o f  t h e  c o r r o ­
s i o n  b e h a v i o u r  o f  c o p p e r  a l l o y s  i n  g a s e o u s  UF
6 *
3.  2 A1 l o y s  i n v e s t i ^ a t e d
l a b l e  3 . 1  c o n t a i n s  a l i s t  o f  t h e  c o p p e r  a l l o y s  s t u d i e d .
In most  i n s t a n c e s  t h e  a l l o y s  wer e  s p e c i a l l y  p r e p a r e d  f o r  t h i s  i n v e s t i ­
g a t i o n  as  c o mme r c i a l  a l l o y s  f r e q u e n t l y  c o n t a i n  s ma l l  amount s  o f  im­
p u r i t i e s  whi ch  c o u l d  i n f l u e n c e  r e s u l t s .
A l l o y s  wer e  m e l t e d  in a vacuum f u r n a c e  and c a s t  i n t o  smai l
i n g o t s  whi ch  we r e  hot  r o l l e d  down t o  a t h i c k n e s s  o f  1 mm. I n t e r m e d i a t e
a n n e a l i n g  was done  when r e q u i r e d .  F i n a l  a n n e a l i n g  was n o r m a l l y  c a r r i e d  
0,1  ^ a  ^ f o r  30 m i n u t e s  in s e a l e d  q u a r t z  t u b e s  u n d e r  a r g o n  t o
p r e v e n t  o x i d a t i o n  and e x c e s s i v e  c h a nge s  in c o m p o s i t i o n  such  as  t h r o u g h
z i nc  l o s s  i n  b a s s e s .
From t h e  I mm t h i c k  s t r i p s , s p e c i me n s  (15 mm i n  d i a m e t e r )  
were p u n c h e d . B r i t t l e  a l l o y s  wer e  us ed  i n  t h e  a s - c a s t  c o n d i t i o n ,  s p e ­
c imens  b e i n g  ma c h i n e d  t o  t h e  r e q u i r e d  d i m e n s i o n s .
Che mi c a l  a n a l y s i s  was c a r r i e d  ou t  on a l l  a l l o y s  u s i n g  wet 
chemi ca l  m e t h o d s , s p e c t r o g r a p h y  and a t o m i c  a b s o r p t i o n  s p e c t r o s c o p y .
3 . 2 . 1  A1urninimn b r o n ze
Al umi ni um b r o n z e s  a r e  a g r oup  o f  c o p p e r  a l l o y s  c o n t a i n i n g  
a l umi ni um as  t h e  p r i n c i p a l  a l l o y i n g  e l e me n t  whi ch  a r c  renowned f o r  
t h e i r  h i g h  s t r e n g t h  and e x c e l l e n t  c o r r o s i o n  r e s i s t a n c e .  Aluminium 
b r o : z v s  a r c  e q u a l l y  s u i t a b l e  f o r  c a s t i n g  and me c h a n i c a l  wo r k i n g .
With l e s s  t h a n  a b o u t  8 p e r  c e n t  of  a l u mi n i u m t h a l l o y s  have  an e s s e n ­
t i a l l y  d u c t i l e  s t r u c t u r e .  A d d i t i o n  of i r o n  g i v e s  r i s e  t o  an i mpr ove ­
ment in b o t h  s t r e n g t h  and c o r r o s i o n  r e s i s t a n c e .  T y p i c a l  a p p l i c a t i o n s  
o f  c. i s t  and wr ought  a l u mi n i u m b r o n z e  i n c l u d e  i m p e l l e r s ,  h e a r i n g s ,  
g e a r s ,  hr  a t  e x c h a n g e r s , p r e s s u r e  v e s s e l s ,  c o m p r e s s o r  b l a d e s  e t c .  The 
a l l o y  i n c l u d e d  in t h i r  i n v e s t i g a t i o n  was s u p p l i e d  by McKechnie B r o s .
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3 . 2 . 2  Copper  : z j, no a l l o y  s
' k iS , y S , e "  Was ‘ " v e s t t g a t e d  more i n t e n s i v e l y  
t he  o t h e r s .  The a „ , y s i n v e s t i g a t e d  a r e  i n d i c a t e d  on t h e  p h a s e  d i „
gram - f i g u r e  3 . „ ,  f rom whi ch  i t  can he  s e e n  t h a t  a ,  l e y s  c o n s i s t i n ,  
t he  a ,  „ ♦ h , B , Y * e and c .  n p h a s c s  „ c r c  s t u d i e d
Th r e e  c o mme r c i a l  a l l o y s  ( s u p p l i e r :  McKochnie B r o s . )  wer e
i n c l u d e d ,  namel y  Cu , 0  Zn.  Cu 30 Zn and a l e a d e d  b r a s ,  - Cu 29 Z„
1 Pb.
nrn .From an i n d u s t r i a l  v i e w p o i n t ,  t h e  a -  and a g - b r a s s e s  
b a b l y  form t h e  most  i m p o r t a n t  s e r i e s  o f  c o p p e r  a l l o y s .  The h i g h e r  
z . n c  c o n t e n t  - H o y s  wer e  ,however,  i n c l u d e d  in  t h i s  p r o j e c t  w i t h  a 
view to g a i n i n g  a c o m p l e t e  p i c t u r  o f  t h e  c o p p v r - z i n c  s y s t e m.
l o a d  i s  nc m a l l y  added t o  e n h a n c e  t h e  c a s t i n g  p r o p e r t i e s  
and mach i n a b i 1 i t v , and a p p e a r s  i n  t he  m i c r o s t r u c t u r e  as s ma l l  i n t e r -  
d e m l r i t  i c  g l o b u l e s .
S e l e c t e d  m i c r o g r a p h s  o f  t he  a l l o y s  s t u d i e d  a r e  p r e s e n t e d  
in f i g u r e s  3 . 2  t o  3 . 6 .
? ' r ° p p c r - z  I in - 1 1 n aj^l o v .;
Bot h  a d m i r a l  t> b r a s s  ! “ () Cu 2 9 , S Zn 0 , 5  Sn)  a r d  Naval  
b r a s s  (60 Cu 39 Zn I Sn)  we r e  i n c l u d e d  i n  t h i s  s t u d y .
Fi n  i s  n o r m a l I v  a d J i d  t o  r e s i s t  d v z i n c i f i c a t i o n  i n  t h e s e  
a i l o v s  when u s e d  i n  m a r i n e  o n v : tonment  , and i s  a l s o  t h o u g h t  t o  
i n f l u e n c e  r e s i s t a n c e  t o  s t r e s s  c o r r o s i o n  c r a c k i n g .
1),-
1 *J ' N’’i rhe11"* ' V t a l s  Reference 1 < k".  Volume I ' ,  Butterworths ( l % 7).
m a s s
3 - 2 . 4  C o p p e r - t i n
The copper-tin phase diagram is shown in figure 3.9!>
# = = = :  
< i U i i . b r , u .  i s  n o t  e a s i l y  r e a c h e d  even a t  000 °C.  The m i c r o ,  
s t r u c t u r e  t h e r e f o r e , c o n s i s . s  o f  t h e  a p h a s e  o n i y  i n  t h e  form o f  
e q u . - a x e d  g r a i n s  e x h i b i t i n g  t w i n s .  (See  f i , urE
Th e s e  a l l o y s  f i n d  a p p l i c a t i o n  i n  t h e  w o r k - h a r d e n e d  con-  
i ns t p ; i r t S t  r p r i n g s  o f  a l l  t y p e s  2r.d as  b e a r i n g s .
•’ S e r y l  1 1 um co p p o r
n , , s  m a t e r i a l  p r e s e n t s  an i n t e r e s t i n g  exampl e  o f  an a l l o y  
s u s c e p , i b l e  t o  p r e c i p i t a t i o n  h a r d e n i n g ,  as  i s  r e v e a l e d  by t h e  phas e  
‘i l ag  ram 11 i g u r e  3 . 1 : ) - The  m i c r o s t r u c t u r e  ( f i g u r e  3 . 1 3 )  c o n t a i n s  
5 ' h e r i " '  p a r t i c l e s  o f *  in a f i n e - g r a i n e d  a m a t r i x  a s  a 
r e s u l t  o f  i n c o m p l e t e  s u p p r e s s i o n  o f  t h e  f o r me r  c o n s t i t u e n t  d u r i n g  
c oo ;  iron,  e l e v a t e d  t e m p e r a t u r e s .  The a l l o y  s t u d i e d  c o n t a i n e d  
'• CO Which i s  ' d ' ' e d  t o  c o n t r o l  t h e  r a t e  o f  p r e c i p i t a t i o n .
■Omc 01 t h e  c o h a l t  a p p e a r s  in t h e  m i c r o s t r u c t u r e  os  r e l a t i v e l y
8  ™ $ o f
T h e  a n ° ) '  s t u d i e d  w a s  i n , h e  , H 
treated., quenched in „ ' “ ’n d " l0n (solution
3 . 2 . 6  N icke.t s i l y e r 
e l emen ts  a r e  known as  " n i c k e T s J,: J " " " "  
S ^ e c n n e n j i r  e p a ra t  i on
At  ' " C “  - " « "  t h a t ,  owing t o , he sensitivi-
AS chemical clean,„g is i n v a r , ably applied to a „  process 
/  'Pm n f  bVf0r° l" 6  '°ntatt* i*n(! ^  t h i s  n o r m a l l y  entails some 
” ” P 0 'iSh'"* or " f "  etching. it was decided to
SUhj'Ct Hectropolishin* before initial
wf i Kh i n g .
A l l  t he  a l l o y s ,  e x c e p t  in* phosphor h . o n t e ,  p o l i s h e d  s a t i s -
t y  o f  u r ,O
3 . 6
and 172 g dn f  3 H ? S O . . p , . . , .
’ 1 i s h i n g  t i me s  were  k e p t  v e r y
s h o r t  -  15 s e c o n d s ,  i n  v i ew o f  t h e  d a n g e r  o f  s u b s t a n t i a l l y
c h a n g i n g  t h e  s u r f a c e  c o m p o s i t i o n  and p r e f e r e n t i a l l y  r emovi ng  i n -
e l u s i o n s  o r  c e r t a i n  p h a s e s .
S u b s e q u e n t  c o r r o s i o n  r e s u l t s , h o w e v e r , d i s p l a y e d  e x c e s ­
s i v e  s c a t t e r .  Ihe  r e a s o n  f o r  t h i s  i s  unknown b u t  c o u l d  r e l a t e  t o  
s u r t a e e  oxi de : ,  a n d / o r  p h o s p h a t e s  o r i g i n a t i n g  f rom t h e  p o l i s h i n g  
p r o c e s s .  Th e s e  s u r f a c e  l a y e r s  c o u l d  a l s o  have  accommodated r e l a ­
t i v e l y  l a i g e  a moun t s  o f  bound w a t e r  whi ch  on r e a c t i o n  w i t h  UF
6
c o u l d  f o rm s o l i d  r e a c t i o n  p r o d u c t s  on s p e c i m e n s .
The d e c i s i o n  was t h e r e f o r e  t a k e n  t o  d i s c a r d  t h e  r e s u l t s  
o b t a i n e d  i n  t h e  e a r l y  p a r t  o f  t h e  i n v e s t i g a t i o n .
A l t e r  s e v e r a l  t r i a l s  i t  was d e c i d e d  t o  a d o p t  t h e  f o l l o w i n g  
p r o c e d u r e  : Sp e c i me n s  wer e  m e t a l  l o g r a p h i c a l l y  pol ished to 1 000  g r i t  on 
emery p a p e r  and i n t r o d u c e d  i n t o  t h e  c o r r o s i o n  a p p a r a t u s . E v a c u a t i o n  
was t h e n  c a r r i e d  ou t  t o  a vacuum o f  t o ' 4 Pa.  and t h e  t e m p e r a t u r e  
i n c r e a s e d  t o  150 °C.  P u r e  h y d r o g e n  was i n t r o d u c e d .  H e a t i n g  i n  h y ­
dr ogen  was c a r r i e d  ou t  l o r  22  h , f o l l o w e d  by e v a c u a t i o n  whi ch  was 
m a i n t a i n e d  w h i l e  the t e m p e r a t t i n  was d r o p p e d  t o  t h e  p r e d e t e r m i n e d  
c o r r o s i o n  t e m p e r a t u r e . On r e a c h i n g  t h e  r e q u i r e d  t e m p e r a t u r e  UF() 
was i n  r o d u c e d .  T h i s  met hod p r o v e d  t o  be cumbersome but  l ed t o  
ve r y  low s c a t t e r  i n  t h e  r e s u l t s .
3" 4 ui  () H a n d l i n g  and  C o r r o s i o n  T e s t i n g
V a r i o u s  n e t h o d  of  c o r r o s i o n  t e s t i n g  we r e  e mpl o y e d  i n  
( h i s  i n v e s t i g a t i o n .  (Jus h a n d l i n g  e q u i p m e n t  a s  w e l l  a s  t h e  c o r r o ­
s i o n  c h a m b e r s  w e r e  o f  a l l - a l u m i n i u m  w e l d e d  c o n s t r u c t i o n .  The
= E 5 E E ~
-  . p a n d a  f i n a l  r i n s e  i n  d o m i n e r a , i , c d w a t e r .  D r y i n ,  was 
c a r r i e d  o u t  t „  an oven  a t  U „  =C a f t e r  s w i r U n *  i n c ^ c a M y  
c l e a n  p r o p a n o l .
I" '  S ' a " ' ' ' '  ’ "  *e '.n I . n e s s  was m a i n t a i n e d  t h r o u g h o u t
e , n V e 5 t , K a t i ° n - " p r i n t s  and t r a c e s  o f  g r e a s e  o r  o i l  on 
s pe c i me n s  a r c  p a r t i c u l a r l y  u n d e s i r a b l e .  Vacuum t i g h t n e s s  o f  a „
e qui pment  ,i d l i n g  „ „ i s  o f  p r i me  i m p o r t a n c e .  I n g r e s s  o f  t r a c e s
■>< m o s t  a , r  c a n  l ead  t o  an " a e r o s o l "  o f  f i n e l y  d i v i d e d  UO-F,
WhHh "  S" " U  OUt 0n s Pe c l e ‘>" » .  l e a d i n g  t o  e r r o n e o u s  r e s u l t s  
, h i S  r e a S ° "  U  WaS S , a n d a r ' 1 P o l i c e  t o  l eak  t e s t  a l l  e q u i p ­
ment r e g u l a r l y  u s i n g  a h e l i u m  m a s s  s p e c t r o m e t e r  l e a k  d e t e c t o r .
A f t e r  s p e c i m e n  p r e p a r a t i o n  a n d  d r y i n g  i n  c h e m i c a l l y  c l e a n  
a c e t o n e , w e i g h i n g  was c a r r i e d  o u t  o n  a m i c r o h a . a n c e .  b e f o r e  t h e  
s p e c i m e n s  w e r e  i n s e r t e d  in t h e  c o r r o s i o n  c h a m b e r s .  T r i p l i c a t e  
sampl es  w e r e  e x p o s e d  i n  s e p a r a t e  c o r r o s i o n  c h a m b e r s .  T h e  t e s t  
t e m p e r a t u r e s  w e r e  5 0 .  8 0 , l o o ,  1 2 0  a n d  ISO ° C .  E x p o s u r e  t i m e s  w e r e  
n o m i n a l l y  5 h .  2 0  h ,  5 0  h .  2 0 0  h a n d  I 0 0 0  h .  As n i n e t e e n  d i f f e r e n t  
n l l o y s  w e r e  s t u d i e d ,  , ,  f o l l o w s  t h a t  t h i s  p a r t  o f  t h e  i n v e s t i g a t i o n  
e n t a i l e d  t h e  p r o c e s s i n g  o f  14 . 5  i n d i v i d u a l  s p e c i m e n s .
3 . 4 . 1 C o r r o s i o n  t e s t i n g  u n d e r  c o n s t a n t  UP p r e s s u r e
The c o r r o s i o n  a p p a r a t u s  f o r  t h i s  t ype  o f  i n v e s t i g a t i o n  
Sh V' 1 1,1 1 181,1 ' • , t’ • 1 f c o n s i s t s  o f  s e v e r a l  c o r r o s i o n  chamber s
e r c o n n e c t e d  by means o f  a l u mi n i u m p i p e s .  I n d i v i d u a l  chamber s
3.16 ) could be i s o l a t e d  by means o f  a l l - m e t a l  vacuum v a l v e s .
Samples we r e  s u s p e n d e d  f rom b e r y l l i u m
 .....
B« f o r< m 6 was - n , r e d u c e d  i n t o  t h e  e v a c u a t e d  c h a mb e r s ,
l a ''8 e  ; i f f e r e n “  ^  , h C  V a P 0 '‘ r  " r e s s u r e s  o f  U P ,  a n d  Hr p r o v i d e s  a 
i n u  n i .  Ul-6 w a s  t h e r e f o r e  c o n d e n c e d  b y  m e a n s  o f
" , 0 " ‘lrV ' CC ■ i Xl Ur o  a t  ' b o u t  - 50 °C and e v a c u a t i o n  c a r r i e d
° U'  n ‘ " ’ U K h  *  l i q U i U  n i , r o * c n  t o l d  « « l > -  "I a n d  o t h e r  i n c o n d e n s i b l e
8 3 5 6 5  “ M C h  m‘ R h '  B - c n t  w e r e  t h e r e f o r e  s e p e r a t e d  f r o m  t h e
s o l i d  U P ,  a n d  c o n d e n c e d  i n  t h e  l i q u i d  n i t r e , e n  t r a p .
C o r r o s i o n  c h a mb e r s  we r e  h e a t e d  i n d i v i d u a l l y  by means o f  
' " "a l l  e l e c t r i c  h e a t e r s .  T e m p e r a t u r e  c o n t r o l l e r s  f a c i l i t a t e d  t h e  
" e l e c t i o n  o f  t e m p e r a t u r e s  up t o  200 °C.  The t e m p e r a t u r e  of  each
: , , < l , V i J U a l  C h a B b e r - n o r m a l l y  c o n t a i n i n g  S s p e c i m e n s ,  w a s  r e c o r d e d  
n u o u s 1 y  b y  m o a n s  o f  a s t r i p  c h a r t  r e c o r d e r .
3)
J a n p l o i s ,  " C o r r o s i o n  o f  M e t a l l i c  M a t e r i a l s  by Uranium Hexa-
1UOride a t  l l i 8 h T e m p e r a t u r e s ,  "USAEC Re p o r t  A . R . C . - t r - 6 5 n 4  
t r a n s l a t e d  f rom CHA-238 5 ( 1 9 6 3 ) .
3 . 9
G e n e r a l l y ,  t h e  a p p a r a t u s  p e r f o r me d  s a t i s f a c t o r i l y .  I t  was
o b s e r v e d , h o w e v e r ,  t h a t  v a r i a t i o n s  i n  c o r r o s i o n  r a t e s  d i d  o c c u r  be t ween
i d e n t i c a l  s p e c i m e n s  i n  d i f f e r e n t  c o r r o s i o n  chamber s  a l t h o u g h  t h e y  were
a l l  i n - e . - c o n n e c t e d  and c o n n e c t e d  t o  t h e  UF6 s u p p l y  v e s s e l .  I t  i s
known t h a t  UF6 g a s  i s  v e r y  v i s c o u s  and t h a t  gas  movement  c o u l d  be
s l u g g i s h ,  e s p e c i a l l y  t h r o u g h  t h i n  p i p e s .  The g r e a t e r  p a r t  o f  t h e
i n v e s t i g a t i o n  was  t h e r e f o - . e  c a r r i e d  out  by means o f  i s o l a t e d  c o r r o s i o n  
v e s s e l s  as  d e s c r i b e d  b e l ow.
3 , 4 , 2  C°i J_os i on  t e s t i n g  i n  i s o l a t e d  c o r r o s i o n  chamber s
E x p e r i e n c e  has  shown t h a t  c o r r o s i o n  r a t e s  a r c  no t  ve r y  
s e n s ) * - wc  t o  t-i 6 p r e s s u r e  v a r i a t i o n s  i n  t h e  p r e s s u r e  r a n g e  5 - 2 0  kPa.  
In o r d e r  t o  e l i m i n a t e  t h e  p r o b l e ms  d i s c u s s e d  in t h e  p r e v i o u s  s e c t i o n , 
i t  was d e c i d e d  t o  u s e  c o r r o s i o n  t e s t  v e s s e l s  whi ch c o u l d  be c h a r g e d  
wi t h  a d e . i n i t e  amount  o f  UF^,  and whi ch c o u l d  t he n  be i s o l a t e d  from 
the 11 Efc- supply v e s s e l  and p l a c e d  i n  an oven kep t  a t  t h e  d e s i r e d  
t e m p e r a t u r e  i h i s  me t hod  meant  t h a t  a c o n t i n u o u s l y  d e c r e a s i n g  p r e s s u r e  
o f  UF6 woul d  be  p r e s e n t , b u t  by l i m i t i n g  t h e  number  o f  s pec i me ns  i t  
was e n s u r e d  t h a t  t o t  1 Ut ^ c o n s u mp t i o n  was l e s s  t h a n  50 % o f  t h e  
i n n _ d l  c h a r g e .
Each c o r r o s i o n  chamber  c o n s i s t e d  o f  a 140 mm l e n g t h  o f  50 mm 
50S a l umi n i um p i p e  w i t h  I mm a l u mi n i u m d i s c s  wel ded  t o  bo t h  e n d s .
A 12 mm p i p e  and  vacuum v a l v e  p r o t r u d e d  from t h e  body o f  t h e  chamber  
t o  f a c i l i t a t e  vacuum and ga s  h a n d l i n g .
T h i s  me t hod  o f  c o r r o s i o n  t e s t i n g  was l e s s  t i me - c o n s u mi n g  
and l ed t o  v e r y  a c c u r a t e  c o r r o s i o n  r e s u l t s .
F i g u r e  3 . 1 8  shows a number  o f  c o r r o s i o n  chamber s  b e i n g  
l oaded w i t h  UF( b e f o r e  i s o l a t i o n  f rom t h e  gas  h a n d l i n g  r i g .
11 ■
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3 . 4 . 3  C o r r c i o n  t e s t i n g  by m o n i t o r i n g  , o=s  o f  UF C”M. „ „ n , e t r i c  
method" ' )   —-’------------------------
E < | u i p r a i n t  w.is i l s o  a v a i l a b l e  wher eby  t h e  UF() c o n t e n t  o f
t h e  c o r r o s i o n  c h a mb e r s  d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n  c o u l d  be
m o n i t o r e d  w i t h o u t  t h e  need  t o  r emove s a mp l e s  f rom t h e  c h a mb e r s .
Thus a c o m p l e t e  c o r r o s i o n / , i „ .  c u r v e  c o u l d  be e s t a b l i s h e d ,  u s i n g  
o n l y  one s p e c i m e n .
T h i s  me t hod  p r o v e d  p a r t i c u l a r l y  u s e f u l  i n  " t e m p e r a t u r e -  
jump" e x p e r i m e n t s  a i me d  a t  d e t e r m i n i n g  t h e  a c t i v a t i o n  e n e r g y .
5 ‘ 5 A s s e s s m e n t  o f  Quant  i_tjiLLve C o r r o s i o n  R e s u l t s
S t u d y  of c o r r o s i o n / t i m e  c u r v e s ,  s u p p l e me n t e d  by more 
q u a l i t a t i v e  o b s e r v a t i o n s ,  p r o v i d e s  v a l u a b l e  i n f o r m a t i o n .  The imme­
d i a t e  aim was t h e r e f o r e  t o  e s t a b l i s h  c o r r o s i o n / t i m e  r e l a t ionships  for 
t he  n i n e t e e n  a l l o y s  in q u e s t i o n .  T h i s  was done by f i t t i n g  t he
mass  i n c r e a s e s  p e r  cm1 and a p p r o p r i a t e  e x p o s u r e  t i me s  
t o  t h e  g e n e r a l  power  law
Am * A t n
( wi t h  Am « mass  i n c r e a s e  and t = t i me )  u s i n g  a c o mp u t e r .
Va l ues  o f  t h e  r a t e  c o n s t a n t  A and e x p o n e n t  n wer e  t h e r e f o r e  o b ­
t a i n e d  f o r  t h e  d i f f e r e n t  c o r r o s i o n  t e m p e r a t u r e s .  The A r r h e n i u s  
t ype  p l o t  o f  r a t i  c o n s t a n t  vs. r e c i p r o c a l  of t h e  a b s o l u t e  t e m p e r a ­
t u r e  y i e l d s  t h e  a c t i v a t i o n  e n e r g y .
The r e s u l t s  o b t a i n e d  f rom t he  " ma n o me t r i c "  e x p e r i m e n t s  
were in t e r ms  o f  l o s s  of 1I1'6 wh i c h ,  i t  was a s s umed ,  had r e a c t e d  wi t h  
t he  s p e c i me n ,  f h i ■ a s s u m p t i o n  was p r o v e d  t o  he b a s i c a l l y  c o r r e c t
as dummy c o r r o s i o n  c h a mb e r s  f i l l e d  with UF-'q to the same i n i t i a l  pressure
3 . 1 1
r e t a i n e d  on t h e  a v e r a g e  96 % o f  t h e i r  UF, a f t e r  1 000 h a t  150 °C,
6
R e s u l t s  o b t a i n e d  by t h i s  method d i d  n o t  d i f f e r  from r e s u l t s  o b ­
t a i n e d  u s i n g  w e i g h i n g  t e c h n i q u e s .
3. 6 P o s t - c o r r o s i o n  E x a mi n a t i o n
A v a r i e t y  o f  t e c h n i q u e s  was us ed  t o  s t u d y  s p e c i me ns  a f t e r  
e x p o s u r e  t o  UF^ :
3 . 6 . 1  O p t i c a l  m i c r o s c o p y
I t  was s ome t i me s  r e q u i r e d  t o  i n v e s t i g a t e  c o r r o s i o n  l a y e r s  
in s e c t i o n .  T h i s  c o n s t i t u t e d  a p r ob l e m i n t h a t  t h e  l a y e r s  t e n d e d  
t o  be b r i t t l e  and  wer e  t h e r e f o r e  d e t a c h e d  f rom t h e  s u r f a c e  d u r i n g  
p o l i s h i n g .  To c i r c u m v e n t  t h i s  p r ob l e m t h e  f o l l o w i n g  p r o c e d u r e  
was a d o p t e d :  A f t e r  r emova l  o f  s p e c i me n s  f rom t h e  UF6 , t h e y
were g o l d  p l a t e d  in an i on s p u t t e r i n g  c o a t c r . Th i s  was f o l l o w e d  
by a t h i n  l a y e r  o f  e l e c t r o  l e s s  n i c k e l  p l a t i n g  whi ch  was s u b s e ­
q u e n t l y  b u i l t  up t o  s e v e r a l  m i l l i m e t e r s  o f  n i c k e l  by c o n v e n t i o n a l  
e l e c t r o p l a t i n g .  M e t a l l o g r a p h i c  p o l i s h i n g  was t h e n  c a r r i e d  ou t  d r y  
u n t i l  t h e  f i n a l  s t a g e s  when a I oho 1 was u s e d  as  c a r r i e r  l o r  t h e  
di amond p a s t e .  In o t h e r  i n s t a n c e s ,  a " m u l t i p l e  s a n d wi c h "  was p r e ­
p a r e d  by s t a c k i n g  s a m p l e s ,  i n t e r s p e r s e d  w i t h  a q u i c k  h a r d e n i n g  
a d h e s i v e  * t o  e n s u r e  p r o t e c t i o n .
The f o l l o w i n g  e t c h i n g  r e a g e n t  was u s e d  : P o t a s s i u m d i c h r o -
t c  : 18 g d m ' 3 ; UvS0 4 : 136 g dm'% H(H : g dm
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* n . t c i n g e r  Ba l dwi n  M e s s t c c h n i k  G. m. b . l l .  Schne l  I k l e b s t o f  f  X60
t r a n s m i s s i o n  ' c i t r o n  m i c r o s c o p y  and s c a n n i n g  e l e c ­
t r o n  m i c r o s c o p y  o f  c o r r o d e d  s p e c i me n s  were  u n d e r t a k e n .
S c a n n i n g  e l e c t r -  n mi c r o s c o p y  p r o v e d  ve r y  u s e f u l  f o r  t h e  
s t u d y  o f  c o r r o s i o n  c r u s t s  due t o  i ' s  e x c e p t i o n a l  d e p t h  o f  f o c u s  
and h i g h  m a g n i f i c a t i o n .  I wo i n s t r u m e n t s  were  a v a i l a b l e .  The J e o l  
Js.M-U3 i n s t r u m e n t  was t i t t e d  w i t h  an Hdax e n e r g y - d i s p e r s i v e  X- r a y  
a n a l y s e r  wh i ch i a< i 1i t a t e d  X- r ay  f l u o r e s c e n c e  a n a l y s e s  o f  d i s c r e t e  
p o i n t s .  1 he II i t a c h i - A k a s h i  Mi n i s  em MSM-4 t a b l e  t o p  mi c r o s c o p e  
p r oved  e s p e c i a l l y  v a l u a b l e  in t h i s  s t u d y  due t o  e a s e  o f  o p e r a t i o n .
It  was  s ome t i  es  a d v a n t a g e o u s  t o  d e t a c h  c o r r o s i o n  f i l m s  
from t h e  s u b s t r a t e  in dv r  t o  exami ne  t h e  m e t a l / c o r r o s i o n  p r o d u c t  
i n t e r f a c e .  T h i s  was do by pi < s i ng s c o t c h  t a p e  o n t o  t h e  c o r r o d e d  
s u r f a c e  wh i c l  on s u b s e q u e n t  removal  r e t a i n e d  some c o r r o s i o n  p r o ­
d u c t .  As t h e s e  l a y e r s  wete n o n - c o n d u c t i n g ,  go l d  c o a t i n g  was g e n e r a l l y  
r e q u i r e d  b e f o r e  S . L . M . - s t u d i e s  c o u l d  be c a r r i e d  o u t .
3 . 6 . 3  Auger  s p e c t r o s c o ]
Auger  s p e c t r o s c o p y  pr  *ved t o  be a v a l u a b l e  t o o l  in t h e  
s t u d y  o f  c o r r o s i o n  p r o c e s s e s . As o n l y  e l e m e n t s  p r e s e n t  i n  a s u r f a c e  
r e g i o n  o f  a p p r o x i m a t e l y  5 a t o mi c  l a y e r s  a r e  d e t e c t e d ,  o b s e r v a t i o n s  
on h e a v i l y  c o r r o d e d  s u r f a c e s  h a v e  l i t t l e  v a l u e , b u t  in t h e  p r e s e n t  
i n v e s t i g a t i o n  p e n e t r a t i o n  o f  s u r f a c e  by f l u o r i d e  ion c o u l d  be 
d e t e c t e d  in s e c t i o n e d  p e c i m e n s .
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Auger  e l e c t r o n  s p e c t r o s c o p y  has  s e v e r a l  r e a l  a d v a n t a g e s  :
( i )  * i g h t  e l e m e n t s  a r e  r e a d i l y  d e t e c t e d .  The t e c h n i q u e  
i s  t h e r e f o r e  co mp l em en ta r y  t o  X- ray  f l u o r e s c e n c e .
( i i )  The method i s  n o n - d e s t r u c t i v e .
( i i i )  L x t r e m e l y  t h i n  l a y e r s  on t h e  s u r f a c e  can  be d e t e c t e d .
( i v )  The method i s  s e n s i t i v e .
3 . 6 . 4  X - r a y  a n a l y s i  s
I wo t e c h n i q u e s  we r e  employed t o  o b t a i n  X- ray  a n a l y s e s  from 
c o r r o d e d  s u r f a c e s . The f i r s t  t e c h n i q u e  i n v o l v e d  t h e  removal  o f  
c o r r o s i o n  s p e c i m e n s  f rom t h e  c o r r o s i o n  chambers  i n  a g l o v e  box 
u nd e r  d r y  a r g o n  and i t s  i n t r o d u c t i o n  i n t o  a L i h l  f u r n a c e  which f a ­
c i l i t a t e d  d i  f f r a c t i o n  i n  t h e  a b s e n c e  o f  a i r .
In  t h e  s e c o n d  method use  was made o f  a s p e c i a l l y  c o n s t r u c ­
t ed  r e a c t i o n  v e s s e l  t h a t  c o u l d  he f i t t e d  t o  t h e  Licmens d i f f r a c t o ­
me t er  ( s e e  f i g u r e  3 . 1 9 ) .  Two 30 urn *h i c k  a l umi nium windows a l l o w e d  
t h e  p a s s a g e  o f  X - r a y s . The s p ec i me n  was a c c u r a t e l y  a l i g n e d  b e f o r e  
t he  v e s s e l  was e v a c u a t e d  and b a c k - f i l l e d  w i t h  UF( t o  a p r e s s u r e  o f  
8 kPa .  The v e s s e l  wa t h e n  p l a c e d  i n  a t e m p e r a t u r e - r e g u l a t e d  oven 
and removed from t i m e  t o  t ime  f o r  d i f f r a c t i o n  a n a l y s i s .  P r o v i s i o n  
was made f o r  a " c o l d  f i n g e r "  m t  which  Ul:6 c o u l d  he f r o z e n  d u r i n g  
a d i f f r a c t i o n  r u n .  I h i s  was n e c e s s a r y  t o  d e m i n i s h  t h e  a b s o r p t i o n  
of  t h e  X - r a y s  by t h v g a s .  I h i s  t e c h n i q u e  made i t  p o s s i b l e  to  m o n i t o r  
r e a c t i o n s  o v e r  long p e r i o d s  o f  t i m e .
3.7 O x i d a t i o n
F o l l o w i n g  t h e  i n i t i a l  e x p e r i e n c e  w i t h  e l e c t r o p o l i s h e d
s p e c i m e n s ,  i t  wa d e c i d e d  t o  i n v e s t i g a t e  b r i e f l y  t h e  i n f l u e n c e  on 
UF() c o r r o s i o n  of  t h i n  o x i d e  l a y e r s  formed a t  ISO C. Lu-^n a 1 Ioys 
were o x i d i z e d  f o r  IS m i n u t e s  in a i r  a f t e r  mechanic»1  p o l i s h i n g .
3 . 1 4
TABLE 3 . 1 : ALKOV'S INV1-S 1 I r.ATTh
ALLOY COMPOSITION (1 BY MASS) CONDITION
Elec t ro ly t i c  Cu 99,7 Cu Annealed
95/S Brass 94,8 Cu 5,2 Zn Rolled/Annealed
90/10 Brass 90,0 Cu 10,0 Zn Rol1ed/Annea1ed
85/15 Brass 84.5 Cu 15,5 7n Rolled/Annealed
80/20 Brass 79,2 Cu 20,8 Zn Rol1ed/Annea]ed
70/30 Brass 70,9 Cu 29,1 Zn Rolled/Annealed
70/30 Brass 
(Commercial a l loy) 71,0 Cu 29,0 Zn Rolled/Annealed
Muntz metal 58,5 Cu 4 1,5 Zn Cast/Annealed
50 Cu 50 Zn 52,4 Cu 4 7 /  Zn Cast
25 Cu 75 Zn 25,4 Cu 74,6 Zn Cast
10 Cu 90 Zn 9,6 Cu 90,4 Zn Cast
Admiralty Brass 0,4 CU 29,3 Zn 0,3 Sn Cast
Naval Brass 59,8 Cu 39,0 Zn 1,2 Sn Cast/Annealed
Leaded Brass 66,9 Cu 32,3 Zn 0,8 Pb Rolled
95/5 Phosphor Bronze 94,8 Cu 5,2 Sn Rol1ed/Annealed
90/10 Phosphor Bronze 87,0 Cu 12,1 Sn Cast
Beryl 1 uim Copper 07,9 Cu 1,7 Be 0,27 Co 1 H
1* ®o Nickel S i l ve r 55,1 Cu 18,4 Ni 26,5 Zn Rol1ed/Annealed
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,, R E S U L T S  AND D I S C U S S I O N
4.1 I n t r o d u c t i o n
The g a i n s  i n  mass f o r  t h e  d i f f e r e n t  a l l o y s  i n v e s t i g a t e d
a re  s u m m a r i z e d  in t a b l e  4 . 1 .  T h e  r e s u l t s  were f i t t e d  t o  t h e  p o w e r  
l aw
Am = At"  ( U
which was c h o s e n  in  v iew o f  i t s  g e n e r a l  n a t u r e .  The v a l u e s  o f  t h e  
c o n s t a n t s  A and n f o r  t h e  d i f f e r e n t  a l l o y s  and t e m p e r a t u r e s  a r e  
summarized i n  t a b l e  4 . 2 .
As i n f e r r e d  e a r l i e r ,  t h e r e  a r e  many p a r a l l e l s  be t ween  f l u o -  
r i n a t i o n  by f l u o r i n a t i n g  g a s e s  such as  Ul:6 , and d r y  o x i d a t i o n .  In 
t he  f o l l o w i n g  d i s c u s s i o n  " o x i d a t i o n "  w i l l  be assumed t o  i n c l u d e  
" f l u o r i n a t i o n "  u n l e s s  an a s p e c t  i s  u n d e r  c o n s i d e r a t i o n  t h a t  m e r i t s  
t a k i n g  c o g n i s a n c e  o f  t h e  s p e c i a l  n a t u r e  of U l ^ .
4.2  Kin e t i c s  o f  C o r r o s i o n  P r o c e s s e s
A s t u d y  o f  t h i  p r o g r e s s  o f  a c o r r o s i o n  r e a c t i o n  as  a f u n c t i o n  
of  t ime i s  one  o f  t h e  most i m p o r t a n t  t o o l s  i n  t h e  s t u d y  of c o r r o s i o n  
mechanisms .  I t  must  be a d d e d ,  h owe ve r ,  t h a t  f u r t h e r  i n f o r m a t i o n  i s  
i n v a r i a b l y  r e q u i r e d  b e f o r e  c o m p l e t e  u n d e r s t a n d i n g  of  a n u i . i u i l  
c o r r o s i o n  s y s t e m  r e s u l t s .
The r a t e s  o f  many h e t e r o g e n e o u s  o x i d a t i o n  r e a c t i o n s  a r e  
c o n t r o l l e d  by ( a )  c h e m i c a l  r e a c t i o n  i n c l u d i n g  a d s o r p t i o n  at  the  
g a s / s o l i d  i n t e r f a c e  o r  f b ,  s t e a d y  s t a t e  d i f f u s i o n  of t h e  a c t i v e  
s p e c i e s  t h r o u g h  t h e  „  id r e a c t i o n  p r o d u c t s . T h e s e  two p r o c e s s e s  
can be d e s c r i b e d  by t h e  f o l l o w i n g  i s o t h e r m a l  r a t e  e q u a t i o n s
d(Am)




where Am r e p r e s e n t s  t h e  mass i n c r e a s e  p e r  u n i t  a r e a ,  t t ime and 
k { end t h e  l i n e a r  and p a r a b o l i c  r a t e  c o n s t a n t s  r e s p e c t i v e l y .
These two e q u a t i o n s  in t h e i r  i n t e g r a t e d  form p r o v i d e  l i n e a r  and 
p a r a b o l i c  p l o t s  o f  mass i n c r e a s e  w i t h  t ime  r e s p e c t i v e l y .  Most 
of  t he  r e m a i n i n g  r e a c t i o n s  comply w i t h  l o g a r i t h m i c , i n v e r s e  l o g a ­
r i t h m i c  o r  a s y m p t o t i c  b e h a v i o u r  wi t i .  r e s p e c t  t o  t h e  Am v s . t  p l o t .
R e f e r e n c e  t o  t a b l e  4 . 2  r e v e a l s  t h a t  t h e  v a lu es  o f  n found 
in t h i s  i n v e s t i g a t i o n  r a r e l y  e xceed ed  0 , 5 .  A v a l u e  o f  0 , 5  would 
s i g n i f y  a t h e r m a l  d i f f u s i o n  p r o c e s s  as  t h e  r a t e - d e t e r m i n i n g  s t e p .  
Such i p r o c e s s  may i n c l u d e  a u n i f o r m  d i f f u s i o n  o f  one o r  bo t h  
r e a c t i n g  s p e c i c s  t h r o u g h  a d e n s e  s c a l e  (Wagner mechanism') o r  a 
uni form d i f f u s i o n  o f  g a s  i n t o  t h e  m e ta l  . As UFf, corrosion of  copper al loys 
was in most  i n s t a n c e s  a c c o mp an i ed  bv t h e  d e p o s i t i o n  ot s o l i d  u r a -  
ni r e a c t i o n  products on t h e  s u r f a c e , which forms a » a result of 
r e a c t i o n s  o f  t h e  t y p e
UF6 UF6 - x * X ' (4>
the s econd  p o s s i b i l i t y  seem l e s s  l i k e l y .
i . t b l e  4 . 2  a l s o  i n d i c a t e s  t h a t  v a l u e s  ot n l y i n g  be tween
0,5 and 0 , 5 5  o c c u r  f r c q u c - n y .  K o f s t o d  "  s . a t - F  t h a t  o x i d a t i o n
r e a c t i o n s  a r e  f r e q u e n t l y  found -o f o l l o w  a c o m b i n a t i o n  o f  r a t e
u r a  by  two a t n u l -
11 Per  K o f s i a d , "High T e m p e r a t u r e  O x i d a t i o n  of M e t a l s , "  .lohn 
Wiley & S o n s , I n c .  ( 19 66 ) ,  p . 14
-T
Am (3)
tuncous m e c h a n i s m s , one c which  p r e d o m i n a t e s  d u r i n g  t h e  i n i t i a l  
s t a g e s  and t h e  o t h e r  a f t e r  e x t e n d e d  o x i d a t i o n ,  o r  t h a t  c ha ng es  
may t ake  p l a c e  i n  t h e  r a t e * d e t e r m i n i n g  mechanism as  t h e  r e s u l t  
of  changes  in t h e  n a t u r e  o f  t h e  o x i d e  s c a l e . In e q u a t i o n s  such  as
*“  '  k™ « ‘  Cm (5)
when m has  a v a l u e  o< .•> or  4 ,  t h e  r a t e  e q u a t i o n s  a r c  t ermed c u b i c  
and q u a r t i c ,  r e s p e c t i v e l y .  Such r a t e  e q u a t i o n s  may a r i s e ,  f o r  i n ­
s t a n c e ,  i f  t h e  t o t a l  o x i d a t i o n  c o m p r i s e s  two p r o c e s s e s  : one ioj, - 
r i t h m i c  and t h e  o t h e r  p a r a b o l i c .  l i q u a t i o n  ( S) i s  a l s o  f r e q u e n t l y  
observed t o  a p p l y  o v e r  l i m i t e d  t i m e  p e r i o d s  in h i g h - t e m p e r a t u r e  
o x i d a t i o n  o f  a l l o y s  fo i  w h i c h  t h e  c o m p o s i t i o n  v t h e  o x i d e  s c a l e  
changes w i t h  t i m e .
I t  i s  t h e r e f o r e  c l e a r  t h a t , a l t h o u g h  t h e  v a l u e  o f  n c o u l d  
i n d i c a t e  t h e  p r e d o m i n a n c e  o f  a s p e c i f i c  r e a c t i o n  m echan i sm, t h e  
t i n a l  ans wer  can  on 1x 1 ' o b t a i n e d  by e x t e n s i v e  r e s e a r c h  i n t o  t h e  
exact  n a t u r e  o f  t h e  c h e m i c a l  r e a c t i o n s  o c c u r r  xg, i n c l u d i n g  t h e  
ionic  s p e c i e s  i n v o l v t  i, and t h e  ph'  s i a 1 n a t u r e  ot t h e  s o l i d  c o n  - 
si n p r o d u c t s .
A r r h e n i u s  f o r m u l a t e d  h i s  we l l -know:  e q u a t i o n  in  1899.  1 h i 
e qu a t i o n  can  be w r i t t e n  for  t h e  v a s e  ot  * u n i m ol ec u  1 a r  r e .u  t ion •
, p  . - Q M  n
R e a c t i o n  R a t e  ‘ * k e • 1
d t
where k' i s  a c o n s t a n t  , Q t h e  a c t i v a t i o n  e n e r g y ,  R t h e  gas  c o n s t a n t ,
T the  a b s o l u t e  t e n . . ,  , ' o r o .  ' t i e . -  and P t h e  c o n c e n t r a t i o n ,  i . e .  t h e
amount of s u b s t a n c e  s t i l l  a v a i l a b l e  f o r  t h e  r e a c t i o n ,  "n"  d e t e r m i n e s  
the e f f e c t  o f  t h e  r e s i d u a l  amount  o f  s u b s t a n c e  on t h e  r e a c t i o n  r a t e .
The A r r h e n i u s  e q u a t i o n  i r  f i r m l y  e s t a b l i s h e d  in  t h e  s t u d y  
of  homogeneous k i n e t i c s ,  where  i t s  e v a l u a t i o n  t a k e s  pi  i c e  i s o ­
thermal  l y , t h a t  i s ,  by o b s e r v i n g  t h e  f a l l  in r e a c t i o n  r a t e  w i t h  
d e c l i n i n g  c o n c e n t r a t i o n  P.
It  t h e  A r r h e n i u s  e q u a t i o n  i s  a p p l i e d  t o  h e t e r o g e n e o u s  k i n e ­
t i c s ,  some c o n c e p t s  have  t o  be r e d e l i n e d .  The term " c o n c e n t r a t i o n " ,  
used in  homogeneous  k i n e t i c s ,  c a n n o t  be t r a n s f e r r e d  t o  h e t e r o g e n e o u s  
k i n e t i c s  s i n c e  i t  becomes  m e a n i n g l e s s  w i t h  p u r e  s o l i d s .  Conc e p t s  
such as " a c t i v a t e d  c o m p l e x e s "  and t h e  ' c o l l i s i o n  t h e o r y "  a r e  a l s o  
d i f f i c u l t  t o  r e c o n c i l e  w i t h  s o l i d  s t a t e  r e a c t i o n s .  A f u r t h e r  major  
t h e o r e t i c a l  p r o b l e m  i s  p r e s e n t e d  by t h e  p r e - e x p o n e n t  i a l  f a c t o r  K' 
and the a c t i v a t i o n  e n e r g y  Q, when t h e s e  q u a n t i t i e s  a r e  r e l a t e d  t o  
the p h y s i c a l  s i t u a t i o n .  Q may be c o mp le x l y  composed o f  s e v e r a l  
a c t i v a t i o n  e n e r g i e s , w i t h  t h e  p o s s i b i l i t y  t h a t  t h e  d i f f e r e n t  c o n ­
t r i b u t i o n s  may v a r y  w i t h  t i m e .  In t h e  Wagner t r e a t m e n t  o f  p a r a b o l i c  
o x i d a t i o n  t h e  p a r a b o l i c  r a t e  c o n s t . i t e x p r e s s e d  i n  t e r ms  of  
e l e c t r i c a l  c o n d u c t i v i t y ,  t r a n s p o r t  nu m1 e r i  and d i f f u s i o n  c o e f f i ­
c i e n t s .  l o r  o t h e r  r e a c t i o n  mechani sms  c o r r e l a t i o n  w i t h  p h y s i c a l  
p r o p e r t i e s  o f  t h e  r e a c t i n g  m e t a l s ,  o x i d e s  a n d  g a s e s  i s  much more 
d i f f i c u l t .
As a r u l e  i t  ma y  h t a t e d  t h a t  t h e  a c t i v a t i o n  e n e r g y  r e ­
mains onstant as long as the v mu.* rate-determining m e c h a n i s m  rr ‘\ i i l s .
4.3.  1 De te r , ,  i n  i n g  ’ ' • Ac t iv a t i o n I n c r g y  o f  _Non - L i n e a r  C o r r o s i o n
React ions
As was i n d i c a t e d ,  t h e  c o r r o s i o n  o f  c o p p e r  a l l o y s  in g a s e o u s
4 . 5
(jFb can be r e p r e s e n t e d  by t h e  e q u a t i o n
Am 0 A t n p  ^
I he c o r r o s i o n  l a t e  <11 any g i v e n  moment i s
-  n At (8)
Ihe r a t e  o ( any t h e r m a l l y  a c t i v a t e d  p r o c e s s  i s  g i v e n  by 
the A r r h e n i u s  e q u a t i o n
t m  -  K . e " q/RT m
d t
N o n - l i n e a r  r e a c t i o n s  d i s p l a y  a t i m e - d e p e n d e n t  r a t e  w i t h  t h e  r e s u l t  
t h a t , in e q u a t i o n  f 9 ) ,  e i t h e r  K o r  Q must  he t i m e - d e p e n d e n t . As 
t h i s  c o n d i t i o n  c a n n o t  a p p l y  t o  Q g e n e r a l l y  i t  f o l l o w s  t h a t
K -  f ( t )  (10)
The t ime  d e p e n d e n c e  o f  K i ? unknown, b u t  i f  i t  can he assumed 
t ha t  i t  i s  o f  t h e  form
K = C t m (11)
wc can w r i t e
.  c t m . e ‘ Q/RT (12)
dt
Comparing e q u a t i o n  ( 1 2 )  u 1 1 h e q u a t i o n  ( 8 ) ,  we o b t a i n
m ♦ 1 » n ^ ^  *
A n . C e ' Q ^
which on t a k i n g  l o g a r i t h m s  g i v e s
An An = I n C  -  Q/RT (15)
E q u a t i o n  (15)  g i v e s  a s t r a i g h t  l i n e  when An An i s  p l o t t e d  a g a i n s t
1 and t h e  s l o p e  g i v e s  t h e  v a l u e  o " ~
T
4 4 X - ra y  D i f f r a c t i o n  o f  Co r ro de d  Specimens
A number o f  c o r r o d e d  s p e c i m e n s  were examined by means o f  
X-ray d i f f r a c t i o n ,  u s i n g  t h e  t e c h n i q u e s  d e s c r i b e d  in  s e c t  on  3.6.4.  
The r e s u l t s  a r e  s u m ma r iz ed  in t a b l e s  4 . 3  and 4 . 4 .
The i n f o r m a t i o n  r e c o r d e d  in t a b l e  4 . 4  was o b t a i n e d  from 
two g r o u p s  o f  s p e c i m e n s .  The f i r s t  g r ou p  had been  g i v e n  a p r e -  
f luorinat ion t reatment  in UFh a t  50 °C for 140 h and were th'jn corroded at  130 °C 
and 80 °C d u r i n g  t h e  c o u r s e  o f  t h e  e x p e r i m e n t .  In t h e  second gr oup  
of s p e c i m e n s , t h e  t e m p e r a t u r e  was i n i t i a l l y  k ep t  a t  8V 0C f o r  600 h 
and t h e n  s u d d e n l y  i n c r e a s e d  t o  150 " c .  The X- ray  r e s u l t s  t h e r e f o r e
r e l a t e  t o  t h e  way i n  which  t h e  u r an i um  f l u o r i d e s  formed i n i t i a l l y ,
to t h e i r  r e a c t i o n  w i t h  t h e  U F () gas  i n  t h e  second  p a r t  o f  t h e  e x n e r i -
ment,  and t o  t h e  o c c u r r e n c e  o f  f u r t h e r  c o r r o s i o n .
Reference t o  t h e  A g r o n -d i aR r am  (figure 1 . 2 )  and tables
4.3 and 4.4 leads to the conclusion that the nature of the uranium 
fluoride formed in the corrosion reaction is dictated by the sub­
strate. Very reactive metals give r „ n  to at temperatures
much lower than expected from the Agron-diagram. Thermodynamic 
considerations w o u l d . however,require the presence of the e q u t l t -  
brium constituent at the gas/corrosion product interface. This
c o n s t i t u e n t  may he p r e s e n t  as  an c x t i e m e l v  t h i n  l n>t t  
t h e r e f o r e  c a n n o t  he  d e t e c t e d  by t h e  X - r a y s .  Th ere  i s , h o w e v e r ,
no experimental support lor this st.it omen
4 . 7
The r e s u l t s  summar ized  in  t a b l e  4 . 4  a r e  i n t e r e s t i n g  in  
t h a t  t h e  p r e s e n c e  of  a -UP^ i s  i n d i c a t e d  i n  e x p e r i m e n t s  i n  which 
the  t e m p e r a t u r e  was l o w e r e d  from ISO t o  80 °C.  T h i s  a-UFr i s  
d e r i v e d  f rom l ^ F g  as  a r e s u l t  o f  i t s  r e a c t i o n  w i t h  UF(i:
U2F9 ( s )  ♦ UF6 ( g)  — ► 3 a - U F g f s )
The f a c t  t h a t  a- l ) l  g , a n d  no t  0 -IIT^ i s  formed ( a s  would be e x p e c t e d  
from t h e  Agron d i a g r a m )  i s  in  a c c o r d a n c e  w i t h  t h e  r e s u l t s  o f  
Ba r be r i  and H a r t m a ns h e nn  21 who showed t h a t  t h e  3 -UFr — ► B-UFS 
t r a n s f o r m a t i o n  d i d  no t  o c c u r .
I he I a i t  t h a t  b o t h  UgFg and a-UFg were formed on t h e  
^ o t :  m e t a l  s p e c i m e n  ( t a b l e  4 . 4 ,  f i g u r e  4 . 3 2 )  i n d i c a t e s  t h a t  t h e  
i n i t i a l  g-llFg formed at 80 °C had been transformed to a -Ul . at  ISO °C with 
further corrosion a t  150 leading to ll j  .
F i g u r e  4 . 1  shows a s u r f a c e  w h i c h , b e f o r e  e x p o s u r e  t o  a i r ,  
i n d i c a t e d  t h e  p r e s e n c e  o f  g-UFg. F i g u r e  4 . 2  i s  a m i c r o g r a p h  of  
I K F g - e r y s t a i s  on 7 0 / 30  hi a s s .  U .Fq , a l t h o u g h  l e s s  s e n s i t i v e  t o  
m o i s t u r e  t h a n  g - U I g ,  i s  s l o w l y  d i s i n t e g r a t e d  by v i r t u e  o f  t he  
r e a c t i o n
2 U.Fg ♦ 2 11,0 ► 3 111 4 ♦ UO , F,  + 4 HF
In t he  m i c r o g r a p h , c r y s t a l s  can  be i d e n t i f i e d  which  have un de r go ne  
t h i s  t r a n s f o r m a t i o n .
4 . 5 Cor ros  ion  o . t h e  C o p p e r - i nc A l l o y s
F i g u r e  4 . 3  i l l u s t r a t e s  the c o r r o s i o n  b e h a v i o u r  o f  "O/JO 
b r a s s  i n  IS kPa ill a t  d i f f e r e n t  t e m p e r a t u r e s .  I he values of n 
( see  t a b l e  4 . 2 ) , r a n g i n g  from 0 , 5 r t o  0 , 4 1 ,  i n d i c a t e  t h a t  the
' '  P. B a r b e r i  and O. H a r t m a n s h e n n ,  "The M i c r o c a l o r i m e t r i c  Study 
Of t h e  UF. -UF,  S v s t e m , "  A N L - ’ RAN.S 0 5 4  ( ( . E A - N - 9 1 b )
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c o r r o s i o n  p r o d u c t s  have  a s t i f l i n g  e f f e c t  o n  t h e  c o r r o s i o n  p r o c e s s .
As i n d i c a t e d  i n  s e c t i o n  4 . 4  t h e s e  p r o d u c t s  c o n s i s t e d  m a i n l y  of  
e .UF5 a t  t h e  l o we r  t e m p e r a t u r e s  and a t  t h e  h i g h e r  t e m p e r a t u r e s .
F i g u r e s  4 . 4  t o  4 . 6 ,  showing s e c t i o n s  o f  a - b r a s s  s p ec i me ns  
c o r r o d e d  a t  I S O  ° C ,  r e v e a l  p e n e t r a t i o n  o f  t h e  s u r f a c e  by t h e  c o r r o -  
dinB medium, a s  v e i l  a s  a t h i c k  e x t e r n a l  s c a l e  c o m p r i s i n g  m a i n l y  
u F . An Auger  l i n e  s c a n  ( f i g u r e  4 . 8 )  a l o n g  t h e  l i n e  i n d i c a t e d  -n 
f i g u r e  4.7  shows h i g h  c o n c e n t r a t i o n s  o f  b o t h  t i n e  and f l u o r i d e  i o n  
in t h e  p e n e t r a t i o n  t o n e .  F l u o r i d e  lo t  p e n e t r a t i o n  was d i f f i c u l t  
« ,  d e t e c t  a t  t e m p e r a t u r e s  be low 120 °C b u t  c a n n o t  be r u l e d  o u t .
In a l l o y s  c o n t a i n i n g  l e s s  t h a n  15 t  Zn t h e  e f f e c t  was n eve r  
conf i rmed m a i n l y  as  a r e s u l t  o f  t h e  v e r y  t h i n  c o r r o s i o n  l a y e r s
formed on t h e s e  a l l o y s .
The c o n c l u s i o n  c a n  t h e r e f o r e  he  drawn t h a t ,  i n  Cu-f.n 
a l l o y s  c o n t a i n i n g  more t h a n  a b ou t  15 % Z n ,  f l u o r i d e  i o n s  p e n e ­
t r a t e  t h e  a l l o y  a t  t e m p e r a t u r e s  above  I an 1 to p r c t i p i t a t e  
This p r o c e s s  i s  a c c o m p a n i e d  by t h e  d i f f u s i o n  of  l i n e  a t o s s  t o  
the r e a c t i o n  r o n e .  In  f i g u r e  4 . 4  t h e  d e t i n c i f i e d  rone  i s  C  , r l v  
demarca ted  h y a l i n e  r u n n i n g  p a r a l l e l  t o  t h e  o r i g i n a l  s p e c ,  - a  
_ f a c e .  The a r e a  b e t w e e n  t h i s  l i n e  and t h e  a r e a  o,  ' c d u o  , ,  
p r e c i p i t a t i o n  i s  t h o u g h t  t o  c o n t a i n  m a i n l y  p o r o u s  c o p p e r ,  v o i d s  
formed by t h e  o u t w a r d  d i f f u s i o n  o f  r i n c  ( s e e  f i g .  4 . 8 ,  T h e s e  processes 
are  we l l  known i n  c o n v e n t i o n a l  d o r i n c i f i c a t i o n  o f  b r a s s  by f o r  
i n s t a n c e ,  c h l o r i d e - c o n t a i n i n g  w a t e r .  1.  would  a p p e a r ,  h o w e v e .  ha
the e x t e r n a l  i o n  os  ion -»t- a 1 e , e l e c t r o n  m ic ros c op y  r e v e a l e d  t h a t ,
i,i t h e  l-ii ^ 0  Zn a l l o y ,  a c o n t i n u o u s  l a y e r  o f  z in c  f l u o r i d e  e x i s t e d  
he 1oh  t he  u r a n i u m - c o n t a i n i n g  o u t e r  s c a l e .  By b e n d i n g  a c o r r o d e d  
specimen 11 o r d e r  co t t a c k  t h e  s u r f a c e  l a y e r s , t h e  m i c r o g r a p h  
r e c o r d e d  i n  f i g u r e  4 . 9  was o b t a i n e d .
F i g u r e  4 . 1 0  shows t h a t  a s i m i l a r  s i t u a t i o n  i s  found in  
the 60 Cu 40 Zn a l l o y  (Muntz m e t a l ) .  By s t u d y i n g  c o r r o d e d  Muntz 
metal  s p e c i m e n s  in  s e c t i o n  i t  was found  t h a t  d e - a l l o y i n g  o f  a- and 
0 - c r y s t a l s  o c c u r r e d  a t  t h e  same r a t e  and t h a t  no p r e c i p i t a t i o n  of  
zinc f l u o r i d e  had  o c c u r r e d  i n  t h e  m e t a l .  F i g u r e  4 .11 shows a Muntz 
metal  s u r f a c e  a f t e r  1000 h c o n t a c t  w i t h  UF( a t  150 C and p a r t i a l  
removal o f  t h e  c o r r o s i o n  l a y e r s .  V i e w ; ng t h e  removed l a y e r  from 
the u n d e r s i d e ,  a z i n c  f l u o r i d e  l a y e r  was found ( f i g u r e s  4 . 12  
( a rea  A) and 4 . 1 3 )  t h a t  a p p e a r e d  t o  r e p l i c a t e  t h e  r o u g h n e s s  o f  t h e  
specimen s i r f a c e . F i g u r e  4 . 1 4  shows t h e  X - ra y  f l u o r e s c e n c e  s p e c ­
trum t a k e n  from a r e a  B in f i g u r e  4 . 1 2 .  Apa r t  from t h e  l a r g e  u r an i um 
p ea k , s ma l l  p e a k s  due  t o  c o p p e r  and z i n c  a r c  11 so a p p a r e n t .  G e n e r a l l y  
speak i ng ,  i t  can  he s t a t e d  t h a t  two w e l l  d c i i n e d  s t r a t a  were  found 
with a l i m i t e d  amount  o f  i n t e r d i f f u s i o n .
F i g u i e  4 . 1 5  shows t h e  f l u o r e s c e n c e  s p e c t r u m  o r i g i n a t i n g  
from t h e  b a r e  s u r f a c e  ( a r e a  C) in t i g u r e  4 . 1 1 .  I .nr ichmcnt  in c o p p e r  
due to  t h e  o u t w a r d  d i f f u s i o n  o f  z i n c  i s  e v i d e n t .
F i g u r e  4 . 1 6  i n d i c a t e s  t h e  i n f l u e n c e  of  t h e  z in c  c o n t e n t  
of c o p p e r - z i n c  a l l o y s  on t h e  c o r r o s i o n  b e h* - # i o ur . t h e r e  i s  a g e n e r a l  
tendency f o r  t h e  a l l o v s  t o  d e c r e a s e  i n  c o r r o s i o n  r e s i s t a n c e  from 
pure c o p p e r  t o  a b o u t  Cu 20 % Zn. From 20 to 40 t  z i n c  t h e  r e a c t i v i t y  
remains r e l a t i v e l y  c o n s t a n t , e x c e p t  a t  t h e  h i g h e r  t e m p e r a t u r e s  where  
a d e c r e a s e  in  c o r r o s i o n  r e s i s t a n c e  i s  a g a i n  found.
4 .  i n
From f i g u r e  4 . 1 7 ,  i t  c a n  he s e e n  t h a t  c o p p e r - z i r e  a l l o y s  d i s p l a y  
a b reak  in  t h e  log r a t e  a g a i n s t ^  p l o t s ,  which  i n d i c a t e s  a change  
in mechan i sm. I t  i s  s i g n i f i c a n t  t h a t  t h e  change  in mechanism s h i f t s  
to lower t e m p e r a t u r e s  as  t h e  z i n c  c o n t e / t  o f  t h e  a l l o y  i s  i n c r e a s e d . 
By r e f e r r i n g  t o  t a b l e  4 . 3  i t  would a p p e a r  as  i f  t h e  c han ge  i n  
mechanism can  a l s o  be c o r r e l a t e d  w i t h  a c hang e  in t h e  u r an ium 
f l u o r i d e  d e t e c t e d  i n  t h e  c o r r o s i o n  l a y e r s .
The a c t i v a t i o n  e n e r g i e s  l o r  t h e  f o u r  a l l o y s  c o n s i d e r e d  
in f i g u r e  4 . 1 7  were  c a l c u l a t e d  from t h e  s l o p e s  o f  t h e  c u r v e s  and 
are  r e p o r t e d  i n  t a b l e  4 . 5 .  I t  a p p e a r s  t h a t  t h e r e  i s  a marked d r op  
in a c t i v a t i o n  e n e r g y  f o r  t h e  h i g h - t e m p e r a t u r e  r e a c t i o n s  from 54,0  
. 0  3 7 , 3  kJ mol ' on i n c r e a s i n g  t h e  z i n c  c o n t e n t  from 5 % t o  20 %.
In th e  l o w - t e m p e r a t u r e  r e g i o n  t h e  a c t i v a t i o n  e n e r g i e s  were e x t r e m e ­
ly low compared  t o  v a l u e s  g e n e r a l l y  r ep  r t e d  f o r  o x i d a t i o n  r e a c ­
t i o n s  and p r o b a b l y  r e l a t e  t o  t h e  r e l a t i v e  e a s e  w i t h  which  f l u o r i d e  
ions can d e t a c h  t h e m s e 1ve.  from U l h m o l e c u l e s .
4 . 6  C o r  r o s  i o n  q f  Co p p e r  - ~ i nv  I i n  A 1 ! o j^ s
R e f e r e n c e  t o  t a b l e s  4 . 1 . 8  and 4 . 1 . 1 3  i n d i c a t e s  t h a t  t h e  
a d d i t i o n  of  a b o u t  1 t  t i n  d r a s t i c a l l y  l o w er s  t h e  c o r r o s i o n  r e s i s ­
tance  o f  t h e  a - p a l l o y s .  F i g u r e  4 . 1 8  shows t h e  s u r l a c e  of a s p e c i - 
men c o r r o d e d  a t  80 °C l o r  188 h.  I he n o d u l e s  a r c  t h o u g h t  t o  be  
badly c r y s t a l l i z e d  U , ! , ,  embedded i n  a c o n t i n u o u s  l a y e r  o f  B-UP;.  
F i gure  4 . 1 0  shows t h a t  a t  t h e  l ower  c o r r o s i o n  t e m p e r a t u r e s  (below 
100 °C1 6 - g r a i n s  a r e  not  s e l e c t i v e l y  a t t a c k e d .
At 120 and 150 °C s e l e c t i v e  attack on the 6 -grains was 
observed. T h i s  i s  shown in f i g u r e s  4 . 2 0  and 4 . 2 1 .  The exact area 
shown in f i g u r e  4 . 2 ,  was l o c a t e d  ill t h e  Auger-mlcroprohe (figure 4.22)
4 . 1 1
and a l i n e  s c a n  c o n d u c t e d  a s  shown in f i g u r e s  4 . 2 3  t o  4 . 2 5  t o  d e ­
t e c t  v a r i a t i o n s  i n  I l u o r i d e  i o n ,  z i n c  and c o p p e r  c o n c e n t r a t i o n s . 
P r e c i p i t a t i o n  o f  z i n c  f l u o r i d e  in t h e  8 - p h a s e , w i t h  v i r t u a l l y  no 
a t t a c k  on t h e  a - p h a s e , w a s  a p p a r e n t . F i g u r e  4 . 2 6  i l l u s t r a t e s  t h e  
d i f f e r e n c e  in  a t t a c k  e x p e r i e n c e d  by t h e  two p h a s e s .  A t t e m p t s  t o  
d e t e c t  d i f f e r e n c e s  i n  c o n c e n t r a t i o n  o f  t i n  in t h e  two p h a s e s  were 
i n c o n c l u s i v e  due  t o  t h e  low p e r c e n t a g e  o f  t i n  i n  t h e  a l l o y .
A d m i r a l t y  b r a s s , c o n t a i n i n g  0 , 3  \  t i n ,  d i s p l a y e d  some­
what b e t t e r  c o r r o s i o n  r e s i s t a n c e  t h a n  t h e  7 0 / 30  b r a s s . No f l u o r i d e  
p e n e t r a t i o n  zone  c o u l d  be o b s e r v e d ,  and a c o n t i n u o u s  e x t e r n a l  l a y e r  
of  ZnF,  was n o t  d e t e c t e d .  I t  i s  p o s s i b l e  t h a t  ZnPg was p r e c i p i t a t e d  
in a d i f f u s e  zone  as  si b m i c r o s c o p i c  p a r t i c l e s .
4.7 C o r r o s i o n  o f  Coppe r - Tin  AI 1oys
The 9 0 / 1 0  p h o s p h o r  b r o n z e  d i s p l a y e d  h i g h e r  c o r r o s i o n  r a t e s
than t h e  9 5 / 5  a l l o y .  T h i s  b e h a v i o u r  c o n t r a s t s  w i t h  t h a t  ' ' f  c o p p e r -  
t i n  a l l o y s  i n  oxygen  wher e  i t  i s  found  t h a t  an i n c r e a s e  in t h e  . i n  
c o n t e n t  l e a d s  t o  l ower  o x i d a t i o n  r a t e s , as  i s  i n d i c a t e d  in  l i g u i i
4 .31 .  No i n t e r n a l  f l u o r i n a t i o n  was e v i d e n t  in t h o s e  a l l o y s .
Aluminium b r o n z e  d i s p l a y e d  e x c e p t i o n a l  s t a b i l i t y  in HI 6 
g a s . Th i s  b e h a v i o u r  c o u l d  be due t o  t h e  p r e s e n c e  11 a t h i n  impi r 
vious  l a y e r  o f  A t o n  t h e  a l l o y  s u r f a c e .  T h i s  1 ayor  w i l l  not  be 
reduced by t h e  h y d r o g e n  p r e t r e a t m e n t  a t  150 °C. T h e r mo d yn am i ca l l y ,  
At20-  i s  more s t a b l e  t h a n  All v  t h e r e b y  e x c l u u i : . g  a t t a c k  by
In t h e  c a s e  o f  b e r y l l i u m  c o p p e r , b e r y l l i u m  o x i d e  c o u l d  
l i k e w i s e  r e n d e r  prot t* t i o n  when p r e s e n t  as  a t h i n  c o n t i n u o u s  H i m .  
F u r t h e r  work is ,  however ,  r e q u i r e d  in o r d e r  t o  e l u c i d a t e  t h e  e x a c t  rfHe
of t h i n  s u r f a c e  f i l m s .
4 . 1 2
N i c k e l  s i l v e r  p e r f o r m e d  s a t i s f a c t o r i l y  a t  t h e  l ower  
temperatures, but  t h e  co t  r o s i o n  r a t e  i n c r e a s e d  r a p i d l y  above  100 ° C .
4 . g C o r r o s i o n  o f  P r e - O x i d i z e d  Cu-Zn A l l o y s
1 he c o r r o s i o n  f i g u r e s  t o r  t h e  p r e - o x i d i z e d  a l l o y s  a r e  
r e p o r t e d  i n  t a b l e  4 . 9  and t h e  v a l u e s  o f  t h e  c o n s t a n t s  A and n in 
t a b l e  4 . 1 0 .  The i mprovement  i n  c o r r o s i o n  r e s i s t a n c e  r e s u l t i n g  from 
p r e - o x i d a t i o n  i s  shown g r a p h i c a l l y  in  f i g u r e  4 . 3 3 .  At 150 °C p r e ­
o x i d a t i o n  i m pr ov ed  t h e  c o r r o s i o n  r e s i s t a n c e  o f  a l l o y s  c o n t a i n i n g  
more t h an  15 % z i n c .  Below t h ’ s c o n c e n t r a t i o n  t h e  e f f e c t  o f  o x i d a ­
t i o n  was l e s s  o b v i o u s  a t  150 ° C , a l t h o u g h  improvement  was o b s e r v e d  
at  the  l owe r  c o r r o s i o n  t e m p e r a t u r e s . T h i s  b e h a v i o u r  may r e l a t e  t o  
the d i f f e r e n t  t y p e s  o f  o x i d e  formed on low and h i g h  z i n c  c o n t e n t  
b r a s s e s  . F u r t h e r m o r e ,  p h o t o - p o t e n t i a l  measurement s  on o x i d i z e d  
Cu-Zn a l l o y s 31 i n d i c a t e  a c o n t i n u o u s  change  from a p r e d o m i n a n t l y  
p - typ e  o x i d e  on e l e c t r o l y t i c  c op p e i  t o  a p r e d o m i n a n t l y  n - t y p e  o x i d e  
on Muntz m e t a l . I t  i s  known ’ t h a t  t h e  s e m i - c o n d u c t i n g  p r o p e r t i e s  
of  s u r f a c e  o x i d e s  can  i n f l u e n c e  c o r r o s i o n  phenomena d r a m a t i c a l l y ,  
but  t h i s  a s p e c t  r e q u i r e s  f u r t h e r  s t u d y  as  t a r  as  IM ^ c o r r o s i o n  is 
concerned .
The a c t i v a t i o n  e n e r g i e s  f o r  t h e  c o r r o s i o n  o f  t h e  o x i d i z e d  
a l l o y s  a r e  r e p o r t e d  in  t a b l e  4 . 1 1 .  In c o m p a r i s o n  w i t h  t h e  o r r e s -  
ponding d a t a  i n  t a b l e  4 .5 ,  i t  a p p e a r s  t h a t  p r e - o x i d a t i o n  a t  150 (
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4.10 R e s u l t s o *  t h e  I c m p r r a t u r e - C h a n g e  E x pe r im en t s
The results of the temperature-change experiments are 
summarized in tables 4 . 6  and 4 . 7  and some data are displayed 
graphically in figures 4.2/ to 4.29. In this type of experiment 
the "manumetric technique" was employed to detect loss of UF, from 
the gas phase. I he nature of v.ie technique may explain the apparent 
drop in Am subsequent to the lowering of the temperature from 150 °C 
to 80 °C at t = >00 h (fig. 4 . 2 7 ) .  The lower temperature will lead 
to more adsorbed UF(i on the walls of the container, leading to a 
somewhat lower pressure reading. This effect was especially obvious 
in the Cu30Zn alloy in which the heavily corroded surface contri= 
buted substantially to the total area available for adsorption.
From f i g u r e  4 . 2 7  i t  would a p p e a r  as  i f  c o r r o s i o n  a t  
80 °C a f t e r  t h e  i n i t i a l  c o n t a c t  w i t h  UF() a t  50 and 150 °C i s  v i r t u a l *  
ly z e r o .  A s ma l l  UF( l o s s  due t o  t h e  s low r e a c t i o n  be t ween  U^Fg 
and UI ( i s  p o s s i b l e .  The i n i t i a l  " p r e - f l u o r i n a t i o n "  a t  50 °C 
had a r e m a r k a b l e  p a s s i v a t i n g  e f f e c t  on a l l  t h e  a l l o y s  s t u d i e d  as  
can be s e e n  by c o m p a r i n g  a p p r o p r i a t e  r e s u l t s  i n  t a b l e s  4.1 and 4 . 6  
for  c o r r o s i o n  a t  150 C. I t  a p p e a r s  t h a t  t he  r a t e s  found a f t e r  
" p r e - f l u o r i n a t i o n "  a r e  f r e q u e n t l y  l e s s  t h a n  one t h i r d  of t hos e  
found w i t h o u t  t h i s  t r e a t m e n t .
On i n c r e a s i n g  r he c o r r o s i o n  t e m p e r a t u r e  from 80 V. t o  
1r 0 °C t h e  c o r r o s i o n  r a t e  i s  i n c r e a s e d  c o n s i d e r a b l y  as i s  shown
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graphically for three alloys in figure 4.Z8. A rough estimate of 
the activation energies for the processes involved in the tempera* 
ture range 80 - ISO °C can be made by assuming linear reaction 
kinetics at the two tempe* atures considered, and by employing the
e x p r e s s i o n
f  1 I 2 ^ 2 /Q * 8,3 14 in ' R ,
where Q represents the apparent activation energy and T., and 
the temperatures at which rates R 1 ind were determined respec*
lively.
For 80 and 150 °C this simplifies to 
Q - 17,7 in R2 / r kJ  mol'1
The apparent activation energies thus obtained are contained in 
table 4.8. These values are very much lower than values reported 
in table 4.5 and probably relate t o  the reactions between UP6 and 
fluorides present on the surfaces and not  to the corrosion reactions
4.11 D iscussion
Tie effects observed in the Cu-"n and Lu-Zn-Sn alloys 
merit further discussion. As was reported in sections 4.5 and 
4.6,zinc fluoride is formed internally in the alloys containing less 
than about 20 I Zn and externally in alloys containing 30 and 40 t 
Zn. Furthermore, this effect is reversed by the addition of about 
1 t Sn, but in naval brass the 6-phase is attacked preferentially.
The f r e e  e n e i g i e s  of f o r m a t i o n  f o r  CuF? and ZnF,  i n d i c a t e  
t h a t  t h e  l a t t e r  compound w i l l  a lways  form p r e f e r e n t i a l l y  i n  c op pe r  
z inc a l l o y s .  The f o l l o w i n g  v a l u e s  have  been  p u b l i s h e d 5^:
AF° Zgg  ^4' n ^2^ * “ 757 kJ to I
298 ( ^ u '^ 2  ^ k.J mol 1
In t h e  r e a c t i o n  o f  UF^ w i t h  Cu-Zn a l l o y s ,  t h e  t r a n s p o r t  
of  z i nc  atoms t o  t h e  r e a c t i c . t  zone t h e r e f o r e  .teems t o  be v i t a l l y  
i m p o r t a n t . T h i s  phenomenon i s  a l s o  r e l e v a n t  i n  s t r e s s - e n r r o s i o n , 
h i g h - t e m p e r a t u r e  o x i d a t i o n  ( i n c l u d i n g  i n t i  . a l  o x i d a t i o n )  and 
d e - a l l o y i n g  s t u d i e s  o f  Cu-Zn a l l o y s .
R h i n e s  and Mehl '  ' d e t e r m i n e d  t h e  d i f f u s i o n  a c t i v a t i o n
energy o r v a . i o u s  b i n a r y  c o p p e r  a l l o y s  i n c l u d i n g  Cu-Zn a l l o y s .
F i g ur e  4 . 30  shows t h e  r e l a t i o n s h i p  be t ween  Q and t h e  c o n c e n t r a t  ms
f or  t h e  d i f f e r e n t  s y s t e m s . For  t h e  C u - ” n s ys t e m i t  i s  s i g n i f i c a n t
t h a t  a •udden d r o p  in  Q was o b s e r v e d  f o r  z i n c  c o n c e n t r a t i o n s  be tween
10 and 15 a t o m i c  p e r c e n t a g e .  F i g u r e  4.31 * i l l u s t r a t e s  t h e  i n c r e a s e
in o x i d a t i o n  r e s i s t a n c e  in a l l o y s  c o n t a i n i n g  more t h a n  abou t  15 mass
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p e r c e n t a g e  z i n c .  In  a s t u d y  o f  b r a s s  s u 1 phi  da t  ion Nowak c t  a l .
S)0.  Kubaschewski  and H. L. L.  Evans ,  " M e t a l l u r g i c a l  T h e r m o c h e m i s t r y " ,  
Pergamon P r e s s  (19 58)
f))F.N.  Rh i nes  and R. F .  Mehl ,  T r a n s .  A . I . M . E .  128 , 1 85-222 ( 1 938)
?10 .  Kubaschewski  and B.C.  H o p k i n s ,  " O x i d a t i o n  oi Me ta l s  and 
A l l o y s ,  " B u t t e r w o t h s  ( 1962) p.  250
8)J . F .  Nowak, M. L a m b c r t i n  and  J . C .  C o l s o n ,  C o r r .  S c i . ,  V ,
603-6 17 ( 1977)
4.16
found that with low J,n brasses a thin, contiguous, Cu ,5 layer 
formed initially which grew by outward cation migration of copper. 
With a high Zn content (40 $) the zinc completely sulphidized 
before coppei was attacked. ZnS formed externally, which led to 
lower reaction rates. Various studies of the high temperature 
oxidation behaviour of brasses have been undertaken*' 10^. 
Parabolic oxidation of CuZn alloys has been found at 800 °C when 
the zinc content is 10 % or less. The protective scale was mainly 
Cu ,0. Above 20 t Zn the oxidation rate was not very sensitive 
to zinc content and mainly ZnO formed. Between 10 % and 20 % Zn 
the oxidation rate decreased sharply with increasing Zn concen* 
trations, displaying non-parabolic oxidation kinetics due to 
changes in the protective scale.
Wagner1 ' ! made a theoretical analysis of diffusion 
processes determining the oxidation rate of alloys. Wagner could 
predict that exclusive formation of ZnO would occur for alloys 
with a mole fraction of zinc above 0,15, which was in good
9)
agreement with Dunn's results
It is therefore clear that Zn movement constitutes 
a key factor in the high-temperature behaviour of brasses in oxi­
dizing atmospheres. In the present investigation, this is doub- 
less also true as can he seen by comparing figures 4.30 and 4.16,
'^J.S. Dunn, J. Inst. Metals, 46, 25 ( 1931)
10)F.N. Rhinos and B.J. Nelson, Trans. A.I.M.E. 156. 171 (1944) 
' l-)C. Wagner, J. E l e c t rochem. Soc., 9 9 ,  369 ( 1 9 5 2 )
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UF6 , however, increased Zn content leads to higher reactivity, 
from which it may be concluded that the formation of a continuous 
fluoride layer does not lead to the measure of protection of the 
substrate which is found with a continuous layer of ZnO. This 
may reflect on the relative ease with which fluoride ions can 
diffuse through Zni 2, compared to the blocking effect of ZnO 
for oxygen ions.
As the diI fusion of zinc atoms is enhanced in alloys 
containing more than 15 - 20 % Zn, and in view of the apparent 
ease with witch fluoride ions can reach the metal surface, a 
maximum corrosion rate is to be expected when the zinc diffusion 
facilitates reactions at the outer surface of the alloy.
the exact role of Sn in the abovementioned processes
121
is not clear. Some workers are of the opinion that v 
additions increase the resistance of 0-brasses to stress-corrosion 
cracking, but that the effect of tin is explicable in terms of its 
effect upon surface films rather than its effect on the stacking 
fault energy. In the present investigation no direct information 
regarding the role of tin was found, but the fact that the forma™ 
tion of an external layer of Znl , at 150 °C is prevented by the 
addition of 1 % tin points towards its interference with the 
diffusion of zinc in a - 0 brasses.
1 2 ) B.C. Synett and R.N. Parkins, Corr. Sci. 7, 597-605, (1967)
4.12 Summary and C o n c l u s i o n s
4 .1 2 . 1  Ihc corrosion behaviour of nineteen copper alloys in 
gaseous UI ^  at a pressure of IS kl'a has beer, investigated. Corro= 
sion/time relationships were established at five temperatures 
r anging  from 50 to 150 ( and for exposure times between 5 and
1 000 h.
4.12.2 Post-corrosion studies of surface layers were undertaken, 
employing X-ray diffraction analysis, X-ray fluorescence analysis 
and Auger spectroscopy. By taking special precautions the uranium- 
containing corrosion products could be identified and penetration 
zones could be studied in carefully prepared sections of specimens.
4.12.3 Arrhenius plots of corrosion rates in the temperature 
range studied revealed changes in reaction mechanism which 
coincided with changes in the intermediate uranium fluoride present. 
X-ray investigations o f  corroded surfaces of the 90Cu1OZn alloy 
indicated the presence of 6-U!•'g after exposure to UF^ in the tempe =
rature range 50 to 120 °C. Reactions of the type
M(s) + 2 UFb(g) - MF2 ( s )  + 28-UF5(s)
(where M signifies the corroding metal) therefore occur.
At 150 °C U ,Fy was detected, suggesting reactions of the type
3M(s) > 4UFb(g) > 3MF2(s) ♦ 2U2Fg(s)
A corresponding change in the slope of the reaction rate/reciprocal 
temperature plot was observed, implying a 1 hunge in reaction 
mechanism. The c h a n g e  in mechanism shitted to lower tempera 
as the reactivity of alloys in a particular alloy system increased,
as  e x e m p l i f i e d  b y  t h e  c o p p e r - z i n c  s y s t e m .  A d d i t i o n  o f  z i n c  t o  
c o p p e r  i n  t h e  <. o n u e n t  i a t  i o n  r a n g e  0 t o  4 0  m a s s  p e r c e n t a g e  l e d  
t o  a d e  l e a s e  i n  c o r r o s i o n  r e s i s t a n c e  a n d  a  l o w e r i n g  o f  t h e  
tefflT1 ' ' w h i c h  U g i g  w a s  f o r m e d .  M o s t  o f  t h e  a l l o y s  s t u d i e d
d i s p U y  1 e a k s  i n  t h e i r  A r r h e n i u s  p l o t s .
T h e  c o r r o s i o n  r e a c t i o n s  c a n  b e  s p l i t  i n t o  t h e  p a r t i a l
reactions
U F 6 ( a d s )  + x e  *  U F f o - x )  * x F "
a n d
xM -» x M+ + x e
I t  f o l l o w s  t h a t  t h e  e l e c t r o n i c  a n d  i o n i c  c o n d u c t i v i t i e s  
o f  t h e  c o r r o s i o n  p r o d u c t s  a r e  i m p o r t a n t  i n  d e t e r m i n i n g  t h e  c o r r o s i o n  
r e s i s t a n c e  o f  a  p a r t i c u l a r  a l l o y .  T h e r e  a r e  i n d i c a t i o n s  t h a t  t h e  
i n t e r m e d i a t e  u r a n i u m  f l u o r i d e s  a r e  n o n - s t o i c h i o m e t r i c  c o m p o u n d s  
( C h a p t e r  1 r e f .  6 ) .  I n  t h i s  r e s p e c t  U 2 Fg i s  o f  p a r t i c u l a r  i n t e r e s t  
a s  i t  c o n t a i n s  u r a n i u m  i n  b o t h  t h e  + 4 a n d  + 5 o x i d a t i o n  s t a t e s .
T h o s e  n o n - s t o i c h i o m e t r i c  c o m p o u n d s  w h i c h  a r e  m e t a l - d e f i c i e n t  a r e  
a l s o  s e m i - c o n d u c t o r s .  U n d e r  a  p o t e n t i a l  d i f f e r e n c e  a n  e l e c t r o n  
c a n  s w i t c h  f r o m  a n  i o n  i n  t h e  l o w e r  o x i d a t i o n  s t a t e  t o  a n  i o n  i n  
t h e  h i g h e r  o x i d a t i o n  s t a t e , t h u s  c o n s t i t u t i n g  a  c u r r e n t .  As  a n  
e l e c t r o n  m o v e s  a c r o s s  t h e  c r y s t a l  i n  o n e  d i r e c t i o n ,  a  m e t a l  i o n  
i n  t h e  h i g h e r  o x i d a t i o n  s t a t e  a p p e a r s  t o  m o v e  i n  t h e  o p p o s i t e  
d i r e c t i o n .  I t  c a n  t h e r e f o r e  b e  r e a s o n e d  t h a t  t h e  p a r t i a l  r e a c t i o n  
i n v o l v i n g  d i f f u s i o n  o f  f l u o r i d e  i o n s  s h o u l d  b e  t h e  r a t e - d e t e r m i n i n g  
s t e p  i n  t h o s e  i n s t a n c e s  w h e r e  U^ 1*g i s  t h e  i n t  c i m e d i a t e  f l u o . i d e  
p r e s e n t .  T h i s  w o u l d  i m p l y  p a r a b o l i c  r e a c t i o n  k i n e t i c s :
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Am = A t n w i t h  n = o ,5 .
Ihe r e s u l t s  wer e  n o t  v e r y  c o n c l u s i v e  i n  t h i s  r e s p e c  
but i t  can  be s t a t e d  g e n e r a l l y  t h a t  v a l u e s  o f  n l y i n g  be t ween  
0,4 and 0 , 5  wer e  f r e q u e n t l y  found i n  t h e  h i g h e r  t e m p e r a t u r e  
range and w i t h  t h e  l e s s  r e s i s t a n t  a l l o y s ,  w h i l e  l ower  v a l u e s  of  
n r e s u l t e d  when 3 - u r a n i u m  p e n t a f l u o r i d e  formed.
4 .12.4 T h i s  r e s e a r c h  r e v e a l e d  t h a t  t h e  Agron d ia g r a m has  
l i m i t e d  v a l u e  i n  p r e d i c t i n g  t h e  n a t u r e  o f  t h e  i n t e r m e d i a t e  uranium 
f l u o r i d e s  r e s u l t i n g  f rom r e a c t i o n  be t ween  c o pp e r  a l l o y s  and 
uranium h e x a f l u o r i d e .
The t e m p e r a f  r e g i o n s  f o r  t h e  s t a b i l i t y  o f  t h e  t h r e e  
i n t e r m e d i a t e  f l u o r i d e s  en o u n t e r c d  in  t h i s  i n v e s t i g a t i o n  a r e ,  
acco r d i ng  t o  t h e  Agron d i a g r a m  f f o r  a UF( p r e s s u r e  o f  10 k P a ) : -
B-UF5
a - U F s
U2F9
50 °C t o  119 °C
119 °C t o  262 °C
262 °C t o  358 °C
With t h e  p o s s i b l e  e x c e p t i o n  o f  e l e c t r o l y t i c  c o p p e r  
r o r r od i ng  a t  1 50 ° C , a - u r a n i u m  p e n t a f l u o r i d e  was n e v e r  p r e s e n t  
is a r e s u l t  o f  a d i r e c t  c o r r o s i o n  r e a c t i o n .  I t  a lways  formed 
d a  U J' ,, o r  p-Ul 5 on c h a n g i n g  t h e  t e m p e r a t u r e .  Th i s  phenomenon 
is u r t h e r  d i s c u s s e d  in 4.  1 2 . 5 . 2 .  With t h e  l e s s  r e s i s t a n t  a l l o y s  
was i d e n t i f i e d  i t  t e m p e r a t u r e s  as low as 80 i. ( 70 /3 0  b r a s s )
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I t  i s  t h e r e f o r e  c l e a r  M.at  t h e  o c c u r r e n c e  o f  a-UF^ and U^Fy 
c a n n o t  be a c c u r a t e l y  p r e d i c t e d  w i t h  t h e  a i d  o f  t h e  Agron d i a g r a m .
I t  i s  p r o b a b l y  v a l i d  o n l y  when e q u i l i b r i u m  e x i s t s  be t ween  UF. 
and u r an ium f l u o r i d e s  i n  c o n t a c t  w i t h  an i n e r t  s u p p o r t i n g  s u r f a c e .  
Thermodynamic c o n s i d e r a t i o n s  would r e q u i r e  t h e  p r e s e n c e  of  t he  
e q u i l i b r i u m  c o n s t i t u e n t  a t  t h e  g a s / c o r r o s i o n  p r o d u c t  i n t e r f a c e , 
but t h i s  c o n s t i t u e n t  may be p r e s e n t  as  an e x t r e m e l y  t h i n  
l ay er  and t h e r e f o r e  u n l i k e l y  t o  be d e t e c t e d  by means o f  X-ray 
d i f f r a c t i o n .  8-UFs was n e v e r  d e t e c t e d  above 120 °C,  which  i s  
in a c c o r d a n c e  w i t h  t h e  Agron d i a g r a m .
4 . 1 2 . 5  An i n v e s t i g a t i o n  i n t o  t h e  e f f e c t  o f  p r e - f l u o r i n a t i o n  
of  c o p pe r  a l l o y s  on t h e  s u b s e q u e n t  c o r r o s i o n  r e a c t i o n s  l ed  
to t h e  f o l l o w i n g  c o n c l u s i o n s :
4 . 1 2 . 5 . 1  P r e - f l u o r i n a t i o n  o f  c o p p e r - z  i nc a l l o y s  a t  50 °C f o r  140 h 
led to  c o r r o s i o n  r a t e s  a t  150 °C which were  lower  by f a c t o r s  
between 2 and 4 compar ed  t o  c o r r o s i o n  r a t e s  found w i t h o u t  p r e -  
f l u o r i n a t i o n .  The improvement  r e s u l t i n g  from p r e - f l u o r i n a t i o n
was l e s s  e v i d e n t  i n  b r a s s e s  c o n t a i n i n g  l e s s  than  15 \  z i n c  and 
in e l e c t r o l y t i c  c o p p e r .
4 . 1 2 . 5 . 2  I n v e s t i g a t i o n s  in which t h e  r e a c t i o n  t e m p e r a t u r e  was 
changed d u r i n g  t h e  c o u r s e  o f  t h e  e x p e r i m e n t s  g i v e  i n f o r m a t i o n  
about  t h e  r e a c t i o n s  t h a t  o c c u r r e d  be tween UF^ and e x i s t i n g  
uranium f l u o r i d e s . E l e c t r o l y t i c  c o p p e r  was exposed  t o  Uf'6 to r  
600 h a t  80 ° C , l e a d i n g  t o  t h e  f o r m a t i o n  o f  9-UFg.  C o n t i n u a t i o n  
of t he  e x p e r i m e n t  a t  150 °C r e s u l t e d  in t h e  f o r m a t i o n  o f  a 
mi x tu re  o f  a -  and g - U F j , w h i c h  s u g g e s t s  a - U F s as t h e  p r i m a r y
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c o r r o s i o n  p r o d u c t  and  a l s o  t h a t  t h e  a l l o t  
0 - U F , j  -+ a - U I  r
r o p i c  t r a n s f o r m a t i o n
is very sluggish.
4 . 1 2 . 5 . 3  E x p o s u r e  o f  70. 30 b r a s s  t o  UF() a t  150 °C i s  known to  
lead t o  t h e  f o r m a t i o n  o f  • On l o w e r i n g  t h e  t e m p e r a t u r e  from 
150 C to  80 (. a m i x t u r e  of a-UF g and U ? F ^  was f o u n d . P a r t i a l
d i s p r o p o r t i o n a t i o n  had  o c c u r ; c d : -
U2F9 ♦ UF6 :  3 a - UFs .
The t a c t  t h a t  o-UF,  and n o t  6 - UF was found ( as  would 
be e x p e c t e d  from t h e  Agron d i a g r a m )  i s  in a c c o r d a n c e  w i t h  t h e  
r e s u l t s  o f  o t h e r  w o r k e r s  who found t h a t  t h e
a - U F , B- UF,S ' " " ' 5
a l l o t r o p i c  t r a n s f o r m a t i o n  d i d  not  o c c u r .  Th i s  e f f e c t  was a l s o  
obse rved  w i t h  9 5 / 5  b r a s s ,  8 0 /20  b r a s s  and l e a d e d  b r a s s .
4 . 1 2 . 5 . 4  M i x t u r e s  o t  11,1,, and . -HI  ^ were  p roduced  on a l l o y s  
exposed to  UF.at t e m p e r a t u r e s  n e a r  t h e  t e m p e r a t u r e s  where changes  
in mechanism were  d e t e c t e d .  Th i s  was found f o r  l e a d e d  b r a s s  and 
95/5 p h os p ho r  b r o n z e  a t  100 C and f o r  18 % n i c k e l  s i l v e r  a t  
1 20  ° C .
4,12.* An i n t e r n a l  f l u o r i n a t i o n  zone  was found in  l o p p e r - z i  
a l l o y s  c o n t a i n i n g  l e s s  t h a n  20 mass p e r c e n t a g e  t i n t ,  f o l l o w i n g  
c o n t a c t  w i t h  UF() a t  t e m p e r a t u r e s  a bo ve  100 °C.  Th i s  zone i s  due 
p r i m a r i l y  t o  t h e  m o b i l i t y  of  b o t h  z i n c  atoms and f l u o r i d e  ions  
the a l l o y ,  l e a d i n g  t o  t h e  i n t e r n a l  p r e c i p i t a t i o n  of  • nFz .
4 . 2 3
4. , 2 .7 The c o p p e r - z i n c  a l l o y ,  c o n , a i „ ing  more t h a n  a bo ut
„ a , s  p e r c e n t a g e  o f  z i n c  were  more r e a c t i v e  t owar ds  UF,  and formed 
a c o n t i n u o u s  e x t e r n a l  l a y e r  o f  z i n c  f l u o r i d e ,  c o v e r e d  by a l a y e r
of i n t e r m e d i a t e  u r a n i u m  f l u o r i d e s .  The o u t w a r d  d i f f u s i o n  o f  z i n c  
leads t o  t h e  f o r m a t i o n  o f  i n t e r n a l  v o i d s .
From t h e  l i t e r a t u r e  i t  i s  known t h a t  t h e  a c t i v a t i o n  e ne r gy  
for  z i n c  d i f f u s i o n  1 ,  much lower  i n  a l l o y s  c o n t a i n i n g  more t h a n  
about  10 atom p e r c e n t a g e  z i n c .
4 .12 .8  The c -B c o p p e r - z i n c  a l l o y  c o n t a i n i n g  t i n  (Naval  b r a s s )
s u f f e r e d  s e l e c t i v e  a t t a c k  of  t h e  6 - p h a s e  by UF() a t  t e m p e r a t u r e s  
above 100 °C.  1 he t i n - c o n t a i n i n g  a - h r a s s  ( A d m i r a l t y  b r a s s )
cor roded  a t  a lower  r a t e  t h a n  t h e  c o r r e s p o n d i n g  t i n - f r e e  a l l o y .
4 . 12 .9  Aluminium b r o n . e  was e x c e p t i o n a l l y  s t a b l e  i n  
The e x i s t e n c e  o f  a t h i n  c o n t i n u o u s  l a y e r  o f  a i r - f o r m e d
ouL! e x p l a i n  t h i s  b e h a v i o u r .  A s i m i l a r  mechanism may 
b e r y l l i u m  c o p p e r .
‘i . 1 2 . 1 0  U l ^ - c o r r o s i o n  a c t i v a t i o n  e n e r g i e s  
are c o m p a r a t i v e l y  low,  r a n g i n g  from 12,8 t o  
ol 0 t o  91 kJ mol 1 a r e  n o r m a l l y  found f o r  
o x i d a t i o n  ol  m e t a l s ,
*'12.11 P r e - o x i d a t i o n  o l  c o p p e r  z i n c  a l l o y s  (15 m i n u t e s  a t  
* SO C) e n h a n c e d  t h e i r  r e s i s t a n c e  to  UF() a t t a c k .  Ill ^ - c o r r o s i o n  
a c t i v a t i o n  e n e r g i e s  i n c r e a s e d  c o n s i d e r a b l y ,  v a r y i n g  from 38 kJ 
m° l "  ' t o  103 kJ . ' i d "  1 .
f o r  c o p pe r  a l l o y s  
54 k.J mol 1 . F i g u r e s  
low t e m p e r a t u r e
UF6 g a s .
a «2o3
app ly  t o
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P r e - o x i d a t i o n  improved  UP* c o r r o s i o n  r e s i s t a n c e  a t  
,50 ° c  or  a l l o y s  c o n t a i n i n g  more t h an  ,5  w e i g h t  p e r c e n t a g e  t i n e .  
Below t h i s  z i n c  c o n c e n t r a t i o n  t h e  e f f e c t  o f  o x i d a t i o n  was l e s s  
obvious  a t  V,n ° c ,  a l t h o u g h  improvement  was o b s e r v e d  a t  t h e  l ower  
c o r r o s i o n  t e m p e r a t u r e s .  T h i s  b e h a v i o u r  p r o b a b l y  r e l a t e s  t o  t h e  
d i f f e r e n t  t y p e s  o f  o x i d e  formed on low and h i g h  z i nc  c o n t e n t  
b r a s s e s .  I t  i s  p o s s i b l e  t h a t  t h e  o x i d a t i o n  o f  t h e  low z in c  
c on t en t  b r a s s e s  l ed  t o  p r e d o m i n a n t l y  c o p p e r  o x i d e  w h i l e  t h e  
acre i mpermea ble  i n d  lo rmed  on z i n c - r i c h  a l l o y s .  Th er mod ynami ca l l y  
both t ' u20 and :nO w i l l  be u n s t a b l e  in U h^ - ga s ,  b u t  t h e  r e a c t i o n  
k i n e t i c s  <ire p r o b a b l y  u n f a v o u r a b l e  f o r  t h e  d e s t r u c t i o n  o f  t h e s e  
o x i d e s ,  e x c e p t  a t  150 °C (and above)  f o r  Cu,0 .
1.12.12 Ihe p a r a l l e l  t h a t  i s  d r a u ’ by some Fr ench wo rk er s  
between UF^ c o n o s i o n  and d r y  c o r r o s i o n  in oxygen ( C h a p t e r  2,  
r e f e r e n c e s  11,  13) has  b e e n i o u n d t o  be o 1 l i t t l e  v a l u e ,  e s p e c i a l l y  
wi th r e r a r d  t o  t h e  t o p p e r - z i n c  and t he  c o p p e r - t i n  s y s t e m s .  Roth 
t i n  a n .  z i n c  a d d i t i o n s  t o  c o p p e r  a r e  found t o  i n c r e a s e  t he  
o x i d a t i o n  r e s i s t a n c e  of t h e  a l l o y s .  In U F , h o w e v e r ,  i t  was found 
t h a t  i n c r e a s e d  t i n  and z i n c  c o n t e n t s  l ea d  to  h i g h e r  r e a c t i v i t y .
I t  may t h e r e f o r e  be c o n c l u d e d  t h a t  t h e  f o r m a t i o n  o f  a c o n t i n u o u s  
f l u o n i e  l a y e r  ( wh ic h  was o b s e r v e d )  does  no t  a f f o r d  p r o t e c t i o n  
to Uj f as  i s  f o u n d  u i t h  ZnO (or  SnO) l a y e r s  in oxygen.  The 
s i m i l a r i t y  b e t we en  111, c o r r o s i o n  and d ry  o x i d a t i o n  i s  t h e r e f o r e  
very s u p e r f i c i a l ,  e s p e c i a l l y  in view o f  t h e  s o l i d  r e a c t i o n  p r o d u c t s  
which a r e  d e p o s i t e d  on t h e  s u r f a c e  o f  t h e  c o r r o d i n g  m e t a l .  These  
d e p o s i t s  i n f l u e n c e  t h e  c o r r o s i o n  p r o c e s s  i n  a u n i q u e  way,  as 
they f r e q u e n t l y  r e a c t  wi t h  t h e  c o r r o d i n g  medium. These e f f e c t s  
a t e  m o s t l y  a b s e n t  in c o n v e n t i o n a l  o x i d a t i o n .
TABLE 4.1 : QQrPHR ALLOYS m m ccn ^ U F'f, CAS AT IS kPa
TABLE 4.1.1 : ELECTROLYTxC Cu
T e m p e r a t u r e
°C
Ex po s ur e  Time 
t ,  h




























g S B ^ ^ O j R E S J O g CTpB, ALLOYS F.ypn.pn -m .„ - AT , 5 ^  
TABLE 4 . 1.2 : 95/5 BRASS
T e m p e r a t u r e
°C
E xpo su re  Time 
t ,  h

























4 1 60 i
209 947
1006 1662
ALLOYS B tr o s g , TO GA5; AT 15 kPa
TABIi: 4.1.3 : 90/10 BRASS
T e m p e r a t u r e Exposure  Time Mass I n c r e a s e
i^m, pg cm
100S
1 0 0 0
4 . 2 *
C O R M )S ^ : 1GURES FOR COPPER ALLOYS EXPOSED 
TABLE 4.1.4 : 85/15 BRASS
TOJJF, GAS AT 15 kPa
T e m p e r a t u r e
°C
50
Ex po s ur e  Time 





































CORROSION FICURES FOR COPPER ALLOYS EXPOSED TO I IF, CAS AT IS kPa —  ■—-—  ~0     ---------------
TABLE 4.1.5 : 80/20 BRASS
T e m p e r a t u r e  Ex po s ur e  Time 
°C j t ,  h
















1 (IRjl( Al, I ;1YS f-XPQSED TO UF  ^ GAS AT 15 kPa
TABLE 4.1.6 : 70/30 BRASS
T e m p e r a t u r e
°C
E x p o s u r e  Time 
t ,  h



























CORROSION FIGURES FOR COPPER ALIjOYS EXPOSED TO UP, GAS AT 15 kPa
TABLE 4.1.7 : 70/30 BRASS (CIMHRCIAI. AL10Y1




























Author  Vorster S W  









Copyright Notice: All materials on the Un i ve r s i t y  o f  the  Wi twa te r s rand ,  Johannesbu rg  L ib ra ry  website 
are protected by South African copyright law and may not be distributed, transmitted, displayed, or otherwise 
published in any format, without the prior written permission of the copyright owner. 
 
Disclaimer and Terms of Use: Provided that you maintain all copyright and other notices contained therein, you 
may download material (one machine readable copy and one print copy per page) for your personal and/or 
educational non-commercial use only. 
 
The University of the Witwatersrand, Johannesburg, is not responsible for any errors or omissions and excludes any 
and all liability for any errors in or omissions from the information on the Library website.  
 
